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ABSTRACT 
Metal nanostructures supporting localized surface plasmon (LSP) resonances are an 
emerging technology for sensing, optical switching, radiative engineering, and solar 
energy harvesting, among other applications. The unique property of LSP resonances that 
enable these technologies is their ability to localize and enhance the optical field near the 
surface of metal nanoparticles. However, many questions still remain regarding the 
effects of nanoparticle coupling on the linear and nonlinear optical properties of these 
structures. 
In this thesis, I investigate the role of long-range photonic and near-field 
plasmonic coupling on the linear and nonlinear optical properties of metal nanoparticles 
in periodic and deterministic aperiodic arrays within a combined experimental and 
theoretical framework. In particular, I have developed optical characterization techniques 
to study various properties of planar metal nano-cylinder arrays fabricated by electron 
beam lithography (EBL). These include the effect of Fano-type coupling between 
structural grating modes and LSP resonances on linear diffraction and second harmonic 
generation (SHG), the influence of near-field coupling on the efficiency of plasmon 
Vll 
enhanced metal photoluminescence (PL), the dependence of two-photon PL (TPPL) on 
nanoparticle size, and the multi-polar nature of SHG from planar plasmonic arrays. 
Experimental results are fully supported by linear scattering theory of the near and far-
field properties of particle arrays based on a range of analytical, semi-analytical, and fully 
numerical techniques. The breadth of computational methods used allows the 
investigation of a wide range of structures including large aperiodic arrays with hundreds 
of discrete particles and periodic arrays with realistic particle shapes, substrates, and 
excitation conditions. The technological potential of engineered plasmonic structures is 
demonstrated by enhanced vibrational sum frequency generation (VSFG) spectroscopy, a 
novel nonlinear sensing technique. 
These studies have revealed design principles for engineering the interplay of 
photonic and plasmonic coupling for future linear and nonlinear plasmonic devices for 
sensing, switching, and modulation. The optical characterization techniques developed in 
this thesis may additionally be used across a wide range of devices in photonics and 
nano-optics. 
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Chapter 1 
Introduction 
1.1 Motivation 
Optical nonlinearities drive a broad range oftechnologies including frequency conversion, 
switching, data processing, encryption, medical imaging, and sensing. However, these 
applications suffer from the inherent inefficiency of nonlinear optical processes. Classical 
table-top devices such as frequency doublers and parametric amplifiers compensate with 
long interaction lengths, complex cavities, and high power pump lasers. Due to 
limitations in space, power, and materials these strategies are incompatible with new 
technologies requiring planar chip integration and compact devices packaging. It is 
therefore essential to find new ways to increase the efficiencies of these processes at the 
nanoscale. 
Recent advances in nano-fabrication technology have led to the development of 
new areas in optical engineering and nano-science that may be promising for the 
miniaturization and integration of a wide variety of nonlinear optical devices. Among all 
the proposed approaches, plasmonics, which is the engineering of collective electron 
oscillations bound to metal-dielectric interfaces at optical and near-infrared frequencies, 
has received considerable attention in areas such as sensing (Willets & VanDuyne, 2007), 
fluorescence enhancement (Anger, Bharadwaj , & Novotny, 2006), solar energy 
harvesting (Catchpole & Polman, 2008), optical switches (Hsiao, Zheng, Juluri, & Huang, 
2008), and medical treatment (J. Chen et al. , 2007). The distinctive features of localized 
surface plasmons (LSPs) that enable technological applications are the spectral tunability 
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of far-field scattering and extinction cross sections (Stefan Alexander Maier, 2007), the 
possibility to strongly modify the local density of photonic states of materials at the 
nanoscale (Muskens, Giannini, Sanchez-Gil, & Gomez Rivas, 2007), and, most 
importantly for nonlinear optics, the significant near-field intensity enhancement 
associated with the resonant polarizability of metallic nanostructures. 
Since nonlinear optical effects scale super linearly with the strength of the local 
electric field, their efficiency can be effectively boosted in the proximity of resonant 
plasmonic nanostructures. A large number of experimental and theoretical studies have 
investigated the nonlinear optical properties of metal nanoparticles supporting LSP 
resonances (G. Bachelier et al. , 2010; J. Butet et al., 2010; Jeremy Butet et al., 2010, 
2012; Canfield et al., 2007; Dadap, Shan, Eisenthal, & Heinz, 1999; Husu et al., 2012; 
Suh et al., 2012a). These studies found significant enhancements of nonlinear effects due 
to near-field concentration and the engineering of local field asymmetry. However, the 
role of structural geometry in resonant nanoparticle arrays has not yet been systematically 
investigated or understood in the nonlinear regime. 
On the other hand, a substantial amount of work has been recently dedicated to 
the engineering of coupled radiative and non-radiative modes in different plasmonic 
nanostructures (Luk'yanchuk et al., 2010) resulting in the manipulation of sub-
wavelength Fano-type coupling (J. a Fan et al. , 2010; F. Hao et al., 2008; Verellen et al. , 
2009) and the recent demonstration of the plasmonic analogue of electromagnetic 
induced transparency (Liu et al. , 2009). Moreover, photonic-plasmonic coupling effects 
in diffractive arrays of metallic nanoparticles have also been investigated due to the 
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possibility to manipulate interference effects forming structural resonances. These 
phenomena are particularly interesting for plasmonic device applications since they 
provide large electromagnetic field intensities distributed over extended surfaces and 
highly dispersive scattering cross sections with extremely narrow linewidths (Auguie & 
Barnes, 2008; Chu, Schonbrun, Yang, & Crozier, 2008; Hicks et al., 2005; V. Kravets, 
Schedin, & Grigorenko, 2008). The coupled photonic-plasmonic resonances occurring in 
diffractive arrays of resonant nanoparticles can be explained by the resonant Fano-type 
coupling (Auguie & Barnes, 2008; Fano, 1961; Luk'yanchuk et al., 2010) between the 
broad LSP modes of the individual nanoparticles and the narrow grating modes. Devices 
based on this concept have found numerous applications as high performance optical 
sensors (Adato et al., 2009; V. G. Kravets, Schediri, Kabashin, & Grigorenko, 2010a; 
Offermans et al., 2011). 
Additionally, it has been shown that a variety of other of structures demonstrate 
photonic-plasmonic coupling indicating the general nature of engineering spectral line 
shape and field localization through structural design in metal nanoparticle arrays 
(Forestiere et al., 2012; Gopinath, Boriskina, Feng, Reinhard, & Dal Negro, 2008; 
Pasquale, Reinhard, & Dal Negro, 2011). A particularly interesting class of these designs 
is deterministic aperiodic nanostructures (DANS) (L. Dal Negro & S. V. Boriskina, 2012; 
Luca Dal Negro, Feng, & Gopinath, 2008; Forestiere, Walsh, Miano, & Dal Negro, 2009; 
Gopinath et al., 2008; Lee et al., 2011; Trevino, Cao, & Dal Negro, 2011). Unlike 
periodic systems, these structures lack translational invariance arising from their 
generation rules rooted in symbolic dynamics, number theory, L-systems, and geometric 
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matching rules. This produces intricate spatial frequency distributions leading to complex 
scattering and diffraction properties (Luca Dal Negro, Lawrence, & Trevino, 2012; 
Gopinath et al., 2008; Lawrence, Trevino, & Dal Negro, 2012; Lee et al., 2010, 2011; 
Trevino et al., 2011). Due to their complex geometries these arrays possess rich 
distributions of structural resonances which can localize and enhance the fields non-
uniformly across the structure (Boriskina, Gopinath, & Dal Negro, 2008; Trevino, Liew, 
Noh, Cao, & Dal Negro, 2012). Dramatically enhanced near-fields have been 
demonstrated in these structures using surface enhanced Raman scattering (SERS) 
spectroscopy. These results indicated the potential to design complex spectral and spatial 
field enhancement properties in planar plasmonic arrays for engineering nanoscale optical 
nonlinearities. 
Building on these concepts, in this thesis I systematically investigate the influence 
of long-range photonic and near-field plasmonic coupling on the linear and nonlinear 
optical properties of metal nanoparticles in periodic and deterministic aperiodic arrays. 
To do this I have developed optical characterization techniques to study various 
properties of planar metal nano-cylinder arrays fabricated by electron beam lithography 
(EBL). Specifically, I investigate the effect of Fano-type coupling between structural 
grating modes and LSP resonances on linear diffraction and second harmonic generation 
(SHG), the influence of near-field coupling on the efficiency of plasmon enhanced metal 
photoluminescence (PL), the dependence of two-photon PL (TPPL) on nanoparticle size, 
and the multi-polar nature of SHG from planar plasmonic arrays. Experimental results are 
supported by full vector linear scattering simulations of the near and far-field properties 
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of plasmonic arrays based on analytical, semi-analytical, and fully numerical methods. 
The use of a broad range of techniques allows for the accurate numerical investigation of 
a broad range of structures including large aperiodic arrays with hundreds of discrete 
interacting particles and periodic arrays with realistic particle shapes, substrates, and 
excitation conditions. The technological potential of engineered plasmonic structures is 
demonstrated by enhanced vibrational sum frequency generation (VSFG) spectroscopy, a 
novel nonlinear sensing technique. The design principles demonstrated in this thesis for 
engineering the interplay of photonic and plasmonic coupling -in nano-plasnionic 
structures may be applied across a wide range of novel linear and nonlinear optical 
technologies for applications such as sensing, switching, and modulation. 
1.2 Outline 
The remainder of this thesis is organized as follows. In Chapter 2 we introduce the basic 
theoretical background for the study of LSP resonances and nonlinear optical media that 
we will use throughout this thesis. In Chapter 3 we describe the numerical methods used 
to engineer the linear scattering properties of metal nanoparticle arrays. In the beginning 
of Chapter 4 we give a broad introduction to near-field and diffractive coupling in 
plasmonic particle arrays. Following that we move into a detailed experimental study of 
the diffractive properties of these two effects in diffractively coupled planar arrays of Au 
nano-cylinders using spectroscopic ellipsometry. Experimental results are compared with 
rigorous electromagnetic near-field calculations. In Chapter 5 we investigate the effects 
of nanoparticle size and separation on the linear and nonlinear PL properties of Au. In 
Chapter 6 we demonstrate that through the engineering of Fano-type coupling in periodic 
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Au nanoparticle arrays we can tune and enhance the efficiency of SHG. Further 
enhancement of the linear scattering and nonlinear generation properties of Au 
nanoparticle arrays are demonstrated by ultrafast laser irradiation in Chapter 7. In 
Chapter 8 we build on the design principles developed for periodic arrays to engineer two 
classes of multi-frequency structures. In the proposed chirped arrays the lattice constants 
vary over the length of the structures causing spatial and spectral separation of regions of 
near-field enhancement. In antenna arrays, multiple periodic chains diffractively couple 
light to a single particle cluster producing spectral and polarization control of the near-
field enhancement. Chapter 9 addresses the general properties and design principles of 
deterministic aperiodic structures. In Chapter 10 we experimentally demonstrate 
photonic-plasmonic coupling between LSPs and structural modes in two representative 
deterministic aperiodic systems. The nonlinear properties of aperiodic arrays are 
considered in Chapter 11. In Chapter 12 we demonstrate the technological potential of 
these structures in the nonlinear regime by combining our designed metal nanoparticle 
arrays with vibrational sum frequency generation (VSFG) spectroscopy, a state of the art 
nonlinear sensing technique. Final conclusions and future prospects are discussed in 
Chapter 13. 
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Chapter 2 
Theoretical Background 
Before we can engineer plasmonic nano-structures to enhance nonlinear optical processes, 
we must first develop the theoretical background of the problem. The ability to design 
such structures is fundamentally based on the capability of a metal nanoparticle to 
support a coupled resonance of its conduction electrons with an external optical field 
called a localized surface plasmon (LSP), and the dependence of nonlinear optical 
processes on the magnitude of the local electric field. In this chapter we introduce the 
theoretical basis for excitation of LSPs starting from the fundamental laws of 
electrodynamics. We then move on to discus the basics of nonlinear optical processes. 
2.1 Localized Surface Plasmons . 
Plasmonics is the study of optical frequency charge oscillations of conduction electrons 
bound to metal-dielectric interfaces. There are different types of plasmons, including LSP 
resonances and propagating surface plasmon polaritons (PSPP). In both cases the key 
feature for technological applications is strong evanescent near-field localization arising 
from high surface charge densities. This leads to increased interaction of the local 
environment with the optical field near the metal surface. 
In this section we introduce laws of classical electrodynamics, discus the optical 
properties of metals and dielectric materials, and use these tools to introduce LSPs. We 
then show the unique ability of these resonances to localize and enhance the optical field 
near the surface of a metal nanoparticle. 
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2.1.1 Electrodynamics 
The physical laws governing interaction of light with metal nanoparticles are those of 
classical electromagnetics. There are five time dependent vector fields in three-
dimensional space: The electric field E(r,t) , the magnetic field H(r,t), the electric flux 
density D(r,t) , the magnetic flux density B(r,t) , and the external current density 
](r,t). They are related to each other by the Maxwell 's Equations: 
Vx E(r,t) =- 8.B~,t) (2 .1.1) 
n H-(- )_aD(r,t) --=c-) 
vX r,t- +jr,t 
at 
(2.1.2) 
v. D(r,t) = P (2.1.3) 
v ·B(r,t) = o (2.1.4) 
Assuming time-harmonic fields we can convert from the time domain to the frequency 
domain by replacing ~ with - j OJ . Assuming. also that the external charge and current 
at 
density is zero, Maxwell ' s Equations become, 
VxE(r ,OJ) = jOJB(r,OJ) (2.1.5) 
Vx H(r,OJ) =-jOJD(r,OJ) (2.1.6) 
Y' ·D(r,OJ)=O (2.1. 7) 
v . B(r,OJ) = o (2.1.8) 
From here on we will omit (r , OJ) and (r ,t) . The flux densities are related to the fields by 
the definitions of the auxiliary fields: 
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(2.1.9) 
B=fioH+fioM (2.1.10) 
where P and M are the polarization density and magnetization densities, and Eo and ~0 
are the electric permittivity and magnetic permeability of freespace, respectively. It can · 
be shown that these four coupled equations imply a propagating wave of the form, 
(2.1.11) 
where co is the speed oflight in free space ( c0 = &~1J1~ 1 ). 
In most cases we deal with linear media. That is one in which P and E are 
linearly related. Specifically, 
(2.1.12) 
where xis the electric susceptibility ofthe medium. Plugging Eq. (2.1.12) into Eq. (2.1.9) 
we see that D = &0E ( 1 + x). We therefore define the relative permittivity as & = (1 + x) , 
which from here on is referred to as the permittivity. In a non-magnetic medium the 
permittivity is related to the refractive index n and the speed of light c as, n = & 112 and 
c=c0 jn. Plugging Eq. (2.1.12) into Eq. (2.1.11) and rearranging terms it can be shown 
that E satisfies the Helmholtz Equation, 
(2.1.13) 
where k = w( &&0 fio )112 = w I c is the wavenumber. The intensity of the wave described by 
Eq. (2.1.5) is, 
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(2.1.14) 
where 11 = f.lo(Ecof1 is the impedance of the medium. 
2.1.2 Electromagnetic Properties of Metals and Dielectrics 
According to the Lorenz model, the polarization density of a linear medium can be 
described as a collection of independent charged harmonic oscillators with mass m, 
charge e, and spring constant K under the applied force eE1oc as depicted in Figure 2.1-1, 
where E1oc is the local electric field. 
c 8:-~~ ,~ c ~ :---, ·:-e=~--::::. i ~ ----· (? e -, e e 
• eE1oc 
t 
Figure 2.1- 1: Linear harmonic oscillator driven by applied field eE,oc 
The equation of motion is, 
2 -d X dx 2 - eEloc 
--+r-+m x=--
dt2 dt 0 m 
(2.1.15) 
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where x is the displacement of the mass, co0 = ~ Kj m is the resonance angular 
frequency, and r is the damping coefficient. Assuming that E1oc is time harmonic it can 
be shown that the displacement becomes, 
elm 
X= 2 • Eloc 
coo- co -;reo 
(2.1.16) 
Therefore the induced dipole moment is p =ex, and given that there are N oscillators 
per unit volume in the material, the polarization density is, 
(2.1.17) 
where OJP = Ne 2 /m&0 is the plasma frequency. From Eq. (2.1.12) and recalling that 
& = (1 + x), we see that permittivity is, 
(2.1.18) 
A special case of the Lorenz model is when the spring constant is set to zero 
K = 0 implying that _OJ0 = 0 . This is the case for a metal which is assumed to be 
composed of a free electrons gas. The quantum mechanical reason for this is that there is 
no energy gap between the valance and conduction bands; nevertheless, we can still 
model the material classically using Eq. (2.1.18). The permittivity of the metal & "' 
becomes, 
(2.1.19) 
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which is known as the Drude Model. Over certain frequency ranges this model 
adequately predicts the dispersion of metals, particularly in the infrared. However, in the 
visible pmi ion of the spectrum most me'w.ls exhibit interband transitions causing 
significant variation from the predicted values. Therefore, in this regime we must rely on 
measured data. In this thesis we use the optical constants of Au and Ag reported by 
Johnson and Christy (P. B. Johnson & Christy, 1972) for the design of our plasmonic 
devices. Additionally we measure these values using ellipsometry on films deposited at 
Boston University and find them to be in close agreement with the reported data. Figure 
2.1-2 (a) and (b) shows the real and imaginary parts of the refractive index of Au as 
reported by Johnson and Christy (black circles), measured at Boston University (red 
dashed line), and from a Drude Model fit (blue line). Notice the close agreement between 
the measured and reported values, and how the Drude Model deviates from these data in 
the visible portion of the spectrum where interband transitions occur. 
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Figure 2.1 - 2: (a) Real and (b) imaginary parts of the refractive index of Au as reported 
by Johnson and Christy (black circles), measured at Boston University (red dashed line), 
and. from a Drude Model fit (blue line). 
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2.1.3 Surface Plasmons 
· Surface plasmons are coupled oscillations of optical waves and conduction electrons 
bound to metal-dielectric interfaces. A propagating surface plasmon polaritons (PSPP) is 
an electromagnetic excitation propagating along a metal dielectric interface. They arise 
from strong coupling between the electromagnetic field and charge density oscillations of 
the metal's electron gas. 
Unlike SPPs, localized surface plasmons (LSPs) are non-propagating excitations 
of conduction electrons of a metal nanoparticle coupled to an electromagnetic field. They 
can be shown to arise naturally from the scattering problem of a sub-wavelength 
conductive nanoparticle in a harmonic electromagnetic field (Bohren & Huffman, 2007). 
The curvattire of the particle's surface produces an effective restoring force on the driven 
electrons, leading to a resonance which produces field amplification both inside and, for a 
short distance, outside of the particle (Stefan Alexander Maier, 2007). In the next chapter 
we present the fundamental mathematical framework of the Mie Theory which is an 
exact analytic solution to the scattering of an isolated sphere, as well as semi -analytic and 
numerical methods for non-spherical particles. For now we focus on an example to 
illustrate the unique properties of LSPs. 
Consider a metal sphere small enough with respect to the wavelength of an 
illuminating optical beam such that the applied field is approximately constant over the 
volume of the particle (quasi-static approximation). The particle has a radius a , a 
permittivity £ m ( (J)) and is located at the origin. The surrounding medium has a 
permittivity £((1)) . The applied static electric field has the form E = E 0z where E 0 the 
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complex amplitude and z is the unit vector in the positive z direction. We introduce the 
scalar electrostatic potential <D defined as, 
E=-V<D (2.1 .20) 
which must satisfy the Laplace equation, 
(2.1.21) 
Because of the azimuthal symmetry of the problem, the general solution can be expressed 
in terms of Legendre Polynomials ~ (Bohren & Huffman, 2007) as, 
00 
Z.:A/!1 (cosB) r<a 
<D(r,B) = I[ B/ + c,r-(/+!) ]11 (cos B) 1=0 (2.1.22) r>a 
1=0 
The coefficients A1 , B1 and C, are evaluated at r --) oo and on the surface of the sphere 
at r = a . Then by solving the Laplace equation for the scalar potential, it can be shown 
that the electric field is, 
r<a 
E= (2.1.23) 
r>a 
where, 
(2.1.24) 
is the dipole moment of the particle induced by the applied field, and n is the unit vector 
normal to the surface of the sphere (Stefan Alexander Maier, 2007). Since the 
permittivity of metals is negative, when Re{2 em} = -e there is a pole corresponding to 
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the LSP resonance. It can be seen from Eq. (2.1.25) that this causes E to become large 
inside and near the surface of the particle, limited by the imaginary part of Em. This local 
enhancement in the field is the basis for enhancing nonlinear optical phenomena using 
metal nanoparticles. 
An example of the LSP resonance properties of a 100 nm Au sphere are shown in 
Figure 2.1-3, calculated with the Mie Theory (discussed in section 3.1). Panel (a) shows 
the scattering cross section CYscs which describes the LSP's radiation properties. Notice 
that below 2.5 eV the spectrum has a Lorentzian lineshape, from which it deviates at high 
energies due to the onset of interband absorption in Au. The linewidth of this Lorentzian 
provides a measure of the overall decay rate of the resonance which plays a critical role 
in the engineering ofactive plasmonic structures (Sonnichsen, Franzl, Wilk, Von Plessen, 
& Feldmann, 2002). Figure 2.1-3 (b) shows the particle's absorption cross section CYabs. It 
can be seen, that when the LSP resonance. is excited the absorption is boosted due to the 
increased interaction time of the wave with the lossy metal. Enhanced absorption of metal 
particles has been used as nanoscale heat sources {G. Baffou, Quidant, & Girard, 2009; 
Guillaume Baffou, Quidant, & Garcia de Abajo, 2010) for applications such as medical 
treatments (J. Chen et al., 2007). The maximum field enhancement over the incident field 
on the surface of the particle is shown in Figure 2.1-3 (c). Onthesurface the magnitude 
of the electric field is enhanced six fold over the incident field resulting in increased 
light-matter interaction, which will be discussed in more detail throughout this thesis. 
Finally, Figure 2.1-3' (d) shows the real part of the electric field enhancement on the 
surface of the particle at its peak spectral position (2.4 e V or 540 nm} Notice that the 
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field enhancement is concentrated on the side walls of the particle. Remembering the 
quasi-static approximation, the applied field will cause a separation ofthe charge with the 
conduction electrons collecting on one side of th , particle leaving positively charged 
holes on the other. This separation of charge oscillates the frequency of the excitation. 
We will show later in this thesis that the field enhancement strength, area 
coverage, and bandwidth of these resonances in metal nanoparticle arrays can be tailored 
significantly by balancing near-field and diffractive coupling. This type of field 
enhancement is the driving force behind boosting nonlinear optical processes with LSPs. 
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Figure 2.1 - 3: LSP resonance properties of a 100 nm Au sphere. (a) Scattering cross 
section, (b) absorption cross section, (c) near-field enhancement, and (d) the real part of 
the electric field on the surface of the particle at the spectral position of the peak field 
enhancement (2.4 eV or 540 nm). 
2.2 Nonlinear Optics 
In the previous section we developed the theory of LSPs starting from the Maxwell 's 
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Equations in a linear medium, and demonstrated that when an LSP resonance is excited; 
there is an enhancement of the strength of the optical field near the surface of a metal 
nanoparticle. In this section we introduce nonlinear media, which have optical properties 
that depend on the magnitude of the incident electric field, and discuss the nonlinear 
processes that occur in these materials. Later in this thesis we will leverage the field 
enhancement ·properties of LSP resonances to boost these nonlinear properties, 
specifically second harmonic generation (SHG), two-photon photoluminescence (TPPL), 
and vibrational sum frequency generation (VSFG). 
2.2.1 Nonlinear Media 
In the previous section we discussed optical waves in linear media, that is material where 
P is related to Eby Eq. (2.1.12). This allows us to model the material response to an 
optical field with linear system theory. As a result the material properties are independent 
of the magnitude of E . However, the constitutive relation of Eq. (2.1.9) places no 
restriction on the relationship between P and E . In general P may be any function on 
E ; however, in most cases if it varies from the linear approximation it does so slowly 
and may therefore be expanded in a Taylor series about E = 0, 
(2.2.1) 
Note that we have switched to the time domain. The variables x.?) and x<3) are the second 
and third order nonlinear susceptibilities respectively and x(t) is the time domain version 
. of X from Eq. (2.1.12). PNL =&0 X(2)E2 +&0 X(3)E3 + ... is defined as the nonlinear part of 
the polarization density. Plugging Eq. (2.2.1) into Eq. (2.1.11) and rearranging terms 
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gives the nonlinear wave equation, 
(2.2.2) 
Since the term of the right hand side of Eq. (2.2.2) is a function of E, the differential 
equation is nonlinear and cannot be modeled with linear systems theory. This additional 
term in the wave equation acts as a source enabling coupling between waves of different 
frequencies. 
2.2.2 Second Order N onlinearities 
Second order nonlinear processes are a result of the first term in the nonlinear 
polarization density, that is P NL = i 2) jj}. Consider a wave with electric field strength 
(2.2.3) 
The nonlinear polarization density is then, 
(2.2.4) 
which has a two contributions, one at zero frequency, and another at the second harmonic 
of the incident wave (2m). According to the nonlinear wave equation Eq. (2.2.2), this 
second term acts as a source producing radiation at twice the fundamental frequency, a 
process known as second harmonic generation (SHG). 
Next consider the case where there are two incident waves with frequencies m1 
(2.2.5) 
It can be shown that the nonlinear polarization density has five components (R. W. Boyd, 
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1992). Two of these correspond to the SHG for m1 and m2 • Another component is at zero 
frequency. The final two components are at the sum w1 + C02 , and difference w1 - m2 
frequencies. Specifically these are, 
(2.2.6) 
and 
(2.2.7) 
These processes are known as sum frequency generation (SFG) and difference frequency 
generation (DFG). SFG can be used in a technique called vibrational sum frequency 
generation (VSFG) spectroscopy to detect the orientation of molecules on a surface as 
discussed in Chapter 12. 
The second order nonlinear susceptibility z<2> can only be nonzero if a material 
lacks centrosymmetry (R. W. Boyd, 1992). This can either -be the case in non-
centrosymmetric crystals, or at the interface between any two media. Second order 
nonlinear processes are therefore possible at any interface such as the surface of a metal 
nanoparticle or a silica substrate. 
2.2.3 Third Order Nonlinearities 
Third order nonlinear processes are a result of the second term in the nonlinear 
polarization density, that is P NL = x<3> E3 • Many materials that exhibit second order 
nonlinearities have third order as well; however, they are relatively weak by comparison. 
Unlike second order, third order nonlinearities do not require the absence of 
centrosymmetry. Therefore a centrosymmetric material will exhibit only third (and high 
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odd numbered) nonlinearities. 
In general, all third order nonlinear processes are called four-wave mixing (FWM), 
since they involve the interaction of waves at four frequencies. These frequencies may be 
unique in which three incident waves mix together to produce a forth with a frequency at 
any combination of sums and differences, or they can be degenerate. One specific case of 
degenerate FWM is the optical Kerr effect, in which a wave at a single frequency induces 
an intensity dependent variation of the optical properties of the material. Specifically, 
(2.2.8) 
where n0 is a constant background index, and n2 is the Kerr constant or nonlinear index. 
n2 has a real and imaginary part describing the changes in the refractive index and 
absorption of the material respectively. The nonlinear absorption arising from the Kerr 
effects is called two-photon absorption (TPA) in which a material absorption resonance at 
energy 2nw is excited by two photons, each with half the resonance energy nw . This is 
the underlying process behind two-photon photoluminescence (TPPL) in which an 
electron-hole pair created by TPA radiatively recombines. 
The theoretical background developed in this chapter is the cornerstone to our 
understanding of how to engineer metal nanostructures to enhance optical nonlinearities. 
Specifically, we have shown that nonlinear optical processes are strongly dependent on 
the strength of the local electric field and that the excitation of LSP resonances in metal 
nanoparticles drastically enhances the incident field near the particle ' s surface. Therefore, 
in order to achieve our design objective we will engineer structures to maximize LSP 
excitation and near-field enhancement. 
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Chapter 3 
Computational Design Methods 
In order to engineer plasmonic arrays it is essential to have models capable of simulating 
large systems of metal particles with realistic shapes and surrounding environment. 
Unfortunately within the realistic constraints of computational resources, such a single 
method does not exist. We therefore use a combination of methods, each with its own 
strengths and limitations, to provide an understanding of these complex systems. 
3.1 Mie T4eory 
Mie theory is an exact solution for the light scattered and absorbed by a spherical particle 
of arbitrary size consisting of a linear, isotropic, and homogeneous material when excited 
by a monochromatic plane wave. · It can be used to find the total scattered and absorbed 
power, as well as the angular distribution of the scattered field. It can also be used to 
probe the near and intermediate-field zones, and the field inside of a particle (Bohren & 
Huffman, 2007). The exact solution is an infinite sum, therefore the method is limited in 
accuracy by the number of terms retained. It is not limited to single particles however, as 
is discussed in Section 3.3. It should be noted that recent work by Capretti eta! (Capretti, 
Forestiere, Dal Negro, & Miano, 2013) has extended Mie theory for materials with 
second order nonlinearity, but this is outside the scope of this thesis. 
In 1908 Gustav Mie derived a solution to the interaction of an electromagnetic 
wave with a spherical particle in terms of an infinite sum of vector spherical harmonics 
(Gustav Mie, 1908). Over the years computation methods for solving for the scattering 
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from a spherical particle have been given the name Mie Theory. In this theory, the 
electric field of the incident plane wave is expanded as 
E = ""' t (2n+ 1)(e Mc1> -id Nc1>) 
I .L.,n=l n(n+1) n oln n eln ' 
and that of the scattered wave is 
E = ""' r (2n+ 1)(ia Nc3> -b Mc3>) 
s .L.,n=l n(n + 1) n eln n oln 
outside of the particle, and 
E = " "' in (2n+1) (MCI> -iNCI>) 
I .L.,n=J n(n + 1) oJn eJn 
inside. The coefficients an, bn, en, and dn are 
a = mzn(mx)z~(x)- Xn(x)z~(mx) 
n mxn(mx)c;~(x)-q~(x)x~(mx) ' 
b = Xn(mx)z~(x)-mzn(x)z~(mx) 
n Xn(mx)q~(x)-mqn(x)z~(mx) ' 
en= mxn(mx)c;~(x)-qn(x)x~(mx)' 
mxn(mx)q~(x)- q~(x)x~(mx) 
d = Xn(mx)c;~(x)-mqn(x)z~(mx) 
n Xn(mx)c;~(x)-mqn(x)z~(mx)' 
(3.1.1) 
(3.1.2) 
(3.1.3) 
(3.1.4) 
(3.1.5) 
(3.1.6) 
(3.1.7) 
with X n (p) = {j n (p) , and qn (p) = ph~1 ) (p), where j n (p) and h~1 ) (p) are the spherical 
Bessel and Hankel functions of first kind (Bohren & Huffman, 2007). M and N in eq. 
(3.1.1-3) are the vector spherical harmonics (VSH), 
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N(X )= 
e ln 
n(n + 1) cos(cp) sin((});rn( cos(}) z(p)j p 
[pz(p)] 
cos( cp )r n (cos (}) -"----'"-
p 
. [pz(p)] 
- sm( cp );r n (cos(})-"----'"-
p 
(3.1.8) 
(3.1.9) 
where z(p) is jn(P) if (X)=(1) or h~1\p) if (X)=(3) ,and nn and rn are functions 
which can be found from a simple recurrence relation (Bohren & Huffman, 2007). 
Figure 3.1-1 shows an example of the scattering efficiency, defined as the 
scattering cross section divided by the particle' s geometric cross section, for Ag (a) and 
Au (b) nano-spheres with diameters 50 nm (red) 100 nm (green) 150 nm (blue), 200 nm 
(magenta), and 250 nm (black). From the figure we can see two important properties for 
designing plasmonic arrays. First, Ag particles produce much higher scattering than do 
Au. Second, Ag particles resonate at shorter wavelengths than do Au. The first is due to 
the higher density of conduction electrons in Ag than Au, and the second is the result of 
the higher plasma frequency of the Ag compared with Au. 
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Figure 3.1 - 1: Scattering efficiency of single Ag (a) and Au (b) sphere calculated with 
Mie Theory. The particle diameters are 50 nm (red) 100 nm (green) 150 nm (blue), 200 
nm (magenta), and 250 nm (black). In the case of the Ag particles all spectra, except for 
that of the 50 nm particle, are multiplied by 2 for visualization. 
3.2 T -Matrix Method 
Even though Mie theory yields an exact solution to the scattering problem in both the 
near and far-field zones, it is limited to spherical particles. For this reason a number of 
semi-analytical methods have been developed to handle non-spherical geometries. The 
most powerful of these is the T-matrix method (Doicu, Wriedt, & Eremin, 2006) (also 
known as the null-field or extended boundary condition method) which was first 
introduced by Waterman (Waterman, 1965) for radar applications. Similarly to Mie 
theory, the incident and scattered fields are expanded into a series of VSH as, 
N 
E (i ) (r) = "\:' D [a; M(3) (kr) + b; N(3) (kr)] 
.L.J 1J 1J IJ II 11 
11=1 
(3 .2. 1) 
N . 
E(s ) (r) = "\:' D [asM (3) (kr ) + bsN(3) (kr)] . 
.L.J n. n 11 nil 
11 =1 
(3.2.2) 
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The electric and magnetic current densities ( J Cel, J Cml ) , are calculated on the particle's 
surface S by the null-field equation (Forestiere, 201 0), 
where Ee is the external field in absence of the particle, e; = nx E Csl = J Cml , 
h; = n X H (s) = -J(e) ' and g = (1/2.n') exp(-Jks . r I r) is the Green's function of free space 
(Novotny & Hecht, 2006). Solving Eq. (3.2.3) produces a matrix that relates E (il to J Ce) 
and J Cml . Using the Huygens principle (Forestiere, 2010) we find the T-matrix (transition 
matrix) of the system f that related the expansion coefficients of the scattered (as ,bs), 
and incident fields ( d , b; ) . That is, 
(3.2.4) 
The T-matrix method was developed specifically for far-field applications; 
therefore, most implementations can only characterize scattering and absorption. 
However, recent work by Forestiere et al. (Forestiere, Iadarola, Dal Negro, & Miano, 
2011) has extended the method to the near-field zone by introducing discrete sources 
inside the scattering volume. And more recently Forestiere et al. (Forestiere, Capretti, & 
Miano, 2013) have developed a similar surface integral formulation to calculate the SHG 
from arbitrarily shaped nanoparticles. 
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3.3 Analytical Multi-Particle Method 
To this point we have considered methods capable of handling only a single particle, 
however in order to engineer plasmonic arrays we will need to consider many interacting 
particles. Fortunately, both the Mie theory and T-matrix methods can be extended to 
accommodate this using the addition theorem for VSH (Peterson & Strom, 1973; Xu, 
1995). Additionally, in the case of small particles, the less computationally intensive 
coupled dipole approximation (CDA) method can be employed to analyze much larger 
systems (Jensen, Kelly, Lazarides, & Schatz, 1999). 
3.3.1 Generalized Mie Theory and Multiparticle T -matrix 
Using the addition theorem for VSH, the Mie theory discussed in Section 3.1 can be 
extended to yield the exact solution of the scattered and internal fields of an ensemble of 
spherical particles with unique radii in a homogeneous medium (Xu, 1995). This method, 
known as generalized Mie theory (GMT), is a powerful tool for the engineering of 
coupled plasmonic and photonic nano-arrays. 
Consider a system of L interaction spheres indexed ( j = l...L ) with radii ( a1 ), 
and positions (x1 ,y1 ,z1 ). The electric field scattered by the fh particle can be expressed 
with Eq. (3 .1.2) in its local coordinate system. Using the powerful addition theorem for 
VSH we can transform the series expansion to local coordinate system of the i'h particle. 
This is, 
"' n 
E Ji _" " .E [ Ji N<3J (k i ei "'i) bJi M <3J (k i ei "'i )] s - L...J L...J J mn amn mn or ' ''f' + mn mn or ' ''f' 
n=l m=-n 
(3.3.1) 
where the coefficients a/!.n and b:n are defined as, 
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<XJ v 
bJi -" " BJi JJ Jii bJJ mn - L... L... mnviJaVIJ + •-'mnv11 VIJ 
v=liJ=-v 
(3.3.2) 
(3.3.3) 
where a~ and b~ the Mie expansion coefficients for the fh particle given by Eq. (3.1.4) 
and Eq. (3.1.5). Additionally, the electric field scattered by the i'h particle can be 
expanded at this location as, 
"' n 
Eii _ "" E [ ii NCil (k i ei "'i) i i MCil (k i e i "'i)] 
s --L... L... 1 mn Pmn mn or, •'r +qmn mn or, •'r · 
n=l m=-n 
(3.3.4) 
Now we see that the electric field at the location of the i'h particle is the sum of 
the field scattered by all the particles in the ensemble, 
L 
Eii = " EJi +Eii 
1 L.,. s e (3.3.5) 
J=l,j#i 
The identical method is used to expand the T-matrix method to the multiparticle 
T-matrix method (MTM) (Doicu et al., 2006; Peterson & Strom, 1973). This method 
gives an accurate solution for the scattered field of an ensemble of, in principle, 
arbitrarily shaped particles. 
3.3.2 Coupled Dipole Approximation 
The coupled dipole approximation (CDA) is a quick yet powerful method for calculating 
the near and far-field scattering properties of a large ensemble of small particles. It is in 
fact a specific case of GMT in which only the dipolar terms in the spherical wave 
expansion are considered. It therefore breaks down for larger particle sizes where higher 
order terms play an increasing important role. Nevertheless, for particles smaller than 100 
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run it is a good approximation and we use it extensively to study basic principles of 
coupling in large plasmonic array. 
In this method each ellipsoidal particle in the ensemble is characterized by its 
permittivity & and volume V = ( 4/3) Jrabc where (a, b, c) are the axes of the ellipsoid 
along (.X, y, z). The electric dipole moment of the H" particle is, 
(3.3.6) 
where &d is the permittivity of the surrounding dielectric, and E" is the local electric 
field at the particle's location comprising the incident field as well as the field scattered 
by each particle including the H". E" minus the field scattered by H" particle itself is 
proportional to p 11 , 
(3.3.7) 
where a" is the polarizability dyad, and E~ us the external electric field. We can rewrite 
this expression as, 
(3.3.8) 
where Eo is the complex amplitude of the incident field, rh-m = Jr,. - rm I , and wm (rh-r) is 
the dipole interaction term, 
(3.3.9) 
which is the sum of field scattered by the other particles in the system at location of the 
H11 • Thus by inverting a", we can determine the external electric field, 
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(3.3.10) 
The validity of the method is extended for larger particle sizes by introducing the 
modified long wavelength approximation (ML W A), where we account for propagation 
inside of the particle. In this modification, each particle has a polarization 
(3.3.11) 
where Erad is the retarded dipolar field, which as shown by Meier et al. (Meier & 
Wokaun, 1983), has the form 
E 2 .k3P e P rad=-J . +- · 3 a (3.3.12) 
The first term in Eq. (3.3.12) accounts for radiative damping, and the second for 
dynamic depolarization. The CDA model is modified by introducing an effective 
polarizability a= fa , where the correction factor f = ( 1- (2 I 3)je a- (k2 I a)a f 
(Jensen et al., 1999). 
3.4 Finite Difference Time Domain 
All the methods considered to this point are analytic or semi-analytic in that at least part 
of the problem was solved analytically and a computer is only used to generate the 
expansion wave functions, invert the matrix, and sum the terms. The accuracy is, 
therefore, only limited by the number of terms retained and the numerical error of the 
machine. On the other end of the spectrum, there are fully numerical methods in which 
space is discretized with a mesh and the Maxwell's equations are solved at each mesh 
point either in the time or frequency domain. Fully numerical methods are powerful tools 
allowing the analysis of complex and realistic systems including substrates, layers, 
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arbitrary shapes, and fabrication defects. They therefore are important tools for modeling 
small systems of realistic particles. For this reason, we utilize the finite difference time 
domain (FDTD) method. 
In the FDTD method, space is discretized and the partial differential equations of 
a boundary value problem are converted into a set of algebraic equations, which produce 
an approximate solution (Yee, 1966). This technique allows the method to iteratively 
evaluate the evolution of the fields at a large number of spatial points. The one-
dimensional finite difference equation is, 
f'(x) = df ~ f(x+Ax)- f(x-Ax) 
dx 2Ax (3.4.1) 
From this equation it is clear that the accuracy of the approximation · incr~ases with 
decreasing spatial grid size Ax . 
In the three-dimensional FDTD method space is meshed with non-uniformly sized 
blocks called Y ee cells (Y ee, 1966) shown in Figure 3.4-1, and E and H are calculated 
on the edges and faces, respectively. The Maxwell's equations are decomposed into a set 
of six scalar equations, 
8Ex =_!_(8Hz_ 8HY -aE J 
at £ 8y az X (3.4.2) 
(3.4.3) 
(3.4.4) 
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8Hx _ -1 (8£z 8Ey J 
--------
at Jl ay az (3.4.5) 
8Hy _ -1(8£x 8Ez) 
-------
at Jl az ax (3.4.6) 
8Hz _ -1 (8Ey 8Ex J 
--------
at Jl ax ay (3.4.7) 
A source pulse with a specified central frequency and duration is launched at time 
t = 0, and the electric and magnetic fields are calculated on each Y ee cell at every time 
step !1t using the finite difference equation for the scalar Maxwell's equations. On the 
n
1
h iteration, · the electric fields are evaluated at t = nM and the magnetic fields at 
t = (n+ll2)!1t. 
For accuracy !1t must be chosen correctly relative to the spatial grid sizes 
(!1x,!1y,!1z). In general, these values are dictated by the temporal and spatial variation of 
the field. Typically, if the highest frequency of interest is f so that A= c If, and the 
temporal periodic is T = 11 f, the gridding should at least satisfy (!1x,!1y,!1z) <AI 20 
and !1t < T I 20 (Jin, 10 10). However, since the near-fields of plasmonic structure possess 
extremely high spatial frequencies higher accuracy may be required. It should be noted 
that the M and (!1x,!1y,!1z) my not be chosen independently since an improper 
relationship may make the time stepping process unstable. It can be shown that the 
stability of the method requires that the step sizes meet the criterion (Jin, 1010), 
(3.4.8) 
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The fields are sampled at monitors placed throughout the simulation region, and 
after the calculation has run for a specified maximum duration or the field values decay 
below a specified level, the temporal field values are Fourier transformed producing the 
frequency response. Therefore, temporal width of the source pulse will ultimately 
determine the spectral bandwidth of the simulation. 
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H,(i-lj2 ,J) k-----.----- ~ HY(i+lj2 ,J) 
Figure 3.4 - 1: Two-dimensional Y ee Cell. 
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There are a variety of boundary conditions available in FDTD. We primarily use 
either periodic in which the fields at one simulation boundary are matched with those on 
the opposite, creating a structure that is repeated infmitely in that direction, or perfectly 
matched layers (PML) where the field outside of the region of interest is extinguished by 
a stack of thin non-reflecting absorptive material which gradually attenuates the wave. 
The properties of the PML are chosen to minimize reflection. The s and p reflection 
coefficients at boundary are (Jin, 1010), 
R = k1z8 2z fi2 - k2 zs! z f-i1 
s k, zs2z fi2 + k2 z81z f-i1 
(3.4.9) 
R = k1 z8 2z 5 2 - k 2z81z5 1 
P k1 z82z5 2 + k 2z81z5 1 
(3.4.10) 
32 
where ( sx,sy,sz) are the stretched ( x,y,z) coordinates and the subscripts 1 and 2 refer to 
the half-spaces above and below the PML. To achieve zero reflection we choose & 1 = &2 , 
14 = Ji?. , s1x = s2x , and s,Y = s2Y . The PML is also given a conductivity to gradually 
extinguish the wave. This is defined as an m order polynomial, 
a= m + 1ln IR(O)I (!)m 
27]L L (3.4.11) 
where R(O) is a given reflection coefficient at normal incidence. The region of interest is 
terminated with a finite thickness of PML which is chosen to fully absorb the wave. 
3.5 Rigorous Coupled Wave Analysis 
Rigorous Coupled Wave Analysis (RCWA) is a highly efficient semi-analytical method 
for solving for the diffraction of periodic structures with realistic three-dimensional 
shapes including substrates, slanted or curved surfaces, layers, and conformal coatings. 
Similar to many methods used in solid state physics, RCW A gives the solution of a 
periodic differential equation as the sum of Bloch wave functions (Moharam & Gaylord, 
1981). Unlike the T-matrix method, which is semi-analytic in the sense that after the 
surface integration the field is expanded in vector spherical harmonics, RCWA is semi-
analytic in that the wave equation is solved analytically iri the longitudinal direction. 
In the original formulation of RCW A the propagation equations are numerically 
solved to find a transition matrix, which gave a linear relation between the field 
amplitude at the top and bottom of each grating layer. These matrices are then multiplied 
together to give the total transition matrix of the structure. However, this technique leads 
to exponentially growing error and instability, especially for metallic gratings. In the 
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implementation we use in this thesis (GD-Calc) (K. C. Johnson, 2010), this problem has 
been solved by the use of the scattering matrix (S-matrix) approach (R. C. Rumpf, 2011), 
which represents the field amplitude of each layer as a linear mapping of the incoming 
and outgoing fields at each boundary. 
In RCW A, the simulated structure is required to be periodic, allowing us to 
expand the electric and magnetic fields in each layer of the structure with a 2D Fourier 
series where the terms correspond to the spatial harmonic of the diffracted wave. For the 
i1h grating layer these series are, 
Ei(x,y , z)= f f Si,m1 ,m2 (z)exp(-J(k;1 ,m2 x+k~1 ,m2 Y)) (3.5 .1) 
m1 =-oo m2 =-oo 
H,(x,y ,z) = ~ ~ Ui m m (z)exp(-i(k; m x+k~ my)) ~ ~ • l • 2 I • 2 I• 2 (3 .5.2) 
mt;:;:-oo m2=--«> 
where m1 and m2 are the Fourier expansion orders of the diffracted field, and k;1 m2 and 
F are the wavevector components defmed in terms of the reciprocal space vectors of 
mi .m 2 
- -the unit cell G1 and G1 as, 
k; m = k: -(m/J+m/J)•x 
1> 2 
(3.5.3) 
(3.5.4) 
(3.5.5) 
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where n; = F: is the refractive index. The permittivity and permeability of each layer 
are also expanded in Fourier series, 
-t<X> -t<X> -
&";(x,y)= L L ai,ml,m2 exp(-JGml ,m2 •r), (3.5.6) 
m1 =-oo m2 =-cxJ 
-t<X> -t<X> 
Jl;(x,y)=" "cimm exp(-JGmm •r), ~ ~ • I • 2 1• 2 (3.5.7) 
where their coefficients are, 
aim m =_!_JJ8;(x,y)exp(-JGm m •r), 
• I • 2 A I • 2 
A 
(3.5.8) 
bi m m = !JJJ-l; (. x,y)exp(-jGm m •r). 
• I • 2 A I • 2 
A 
(3.5.9) 
For efficiency 8;-1 and J-l;-1 are expanded in similar Fourier series. 
The frequency domain Maxwell's equations can be decomposed into a set of six 
coupled equations, 
k 8 E = 8Hz - 8Hy 
Orx 8y az (3.5.10) 
k 8 E = aHX - 8Hz 
Or y 8z 8x (3.5.11) 
k 8 E = 8HY - 8Hx 
O r z ax 8y (3.5.12) 
k H = 8Ez - 8Hy 
Of-lr X ay az (3.5.13) 
k H = 8Ex- 8Hz 
of-lr y az ax (3.5.14) 
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k H _ 8Ex _8Hz 
oflr y - az ax (3.5.15) 
k H _ aEY _ aHX 
oflr z- ax az (3 .5.16) 
These equations are transformed into the Fourier space by substituting into the series 
representations of the fields and optical constants. After some math they become 
(Raymond C. Rumpf, 2006), 
(3.5.17) 
(3.5 .18) 
k &z * sz (z) = -;·e U Y (z) + ;·e ux (z) 0 1 1 m1,m, 1,m1,m, m1,m2 1,m1,m, (3.5.19) 
(3.5.20) 
dSx (z) k uY *UY (z) = J·e sz (z)+ ,,m, ,m2 
Or"' I I m1 ,m2 I ,m1 ,m2 dz (3.5.21) 
(3.5.22) 
This infinite set of equations is solved numerically retaining a finite number of 
orders. Defining K x,y as the diagonal matrices containing the wavevector components of 
the retained orders and s;·y,z and u;·y,z as the complex amplitude of the electric and 
magnetic field orders, we can rewrite Eq. (3.5.13-18) as a finite set of equations. The 
longitudinal components can then be eliminated reducing them to four coupled sets of 
equations (R. C. Rumpf, 2011), 
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(3.5.23) 
: ~ s; =[ Kxei~:KY ]u; (z)+[iii,y -Kx&i~:Kx ]u; (z) 
0 
(3.5.24) 
. (3.5.25) 
(3.5.26) 
where ii(x,y,z) , jii(x,y,z) , i i(!,y,z) and ,iiff.~ .y.z ) are the matrices containing the retained 
Fourier expansion coefficients of ei , f-li , ei-1 and /-li-1 • From this formulation of the 
Maxwell's Equations the wave equation is, 
~[s; (z)] -D} [s;(z)] = 0 
dz2 s; (z) l s; (z) (3 .5.27) 
(3.5.28) 
- K - -IK] Bi,y - xf-li ,z x 
K --IK 
- y/-li,z x 
(3.5.29) 
The set of differential equation defmed by Eq. (3.5.27) is solved analytically by finding 
the eigen values of n: and applying boundary conditions. Details on this process can be 
found elsewhere (K. C. Johnson, 2010; R. C. Rumpf, 2011). 
The result is that for a specified incident plane wave 
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(3.5.30) 
where E 0 is the complex amplitude, n0 is the refractive index of the superstrate, and k0 
is the incident freespace wavevector, 
k 0 = xko,x + yk0,y +zko,z = k0 (xsinBcoslp+ ysinBsinlp-zcosB) (3.5.31) 
with the angles () and ¢ defined in Figure 3.5-1, the method finds a transmission and 
reflection matrix for each order retained in the expansion, 
- c· tw J T -mi ,mz f tpp ps (3.5.32) 
- ('· r,P } R -
ml ,m2 r 
rPP ps 
(3.5.33) 
From the incident field and these matrices, the field can be calculated at any location in 
the half space below the grating on the transmission side, 
E 1 (r)= L fm1 ."'2E0 exp(Jk~1 .m2 •r) (3.5.34) 
mt ,mz 
and above the grating on the reflection side, 
E,(r)=E0 exp(Jn0k 0 •r)+ L Rm1 ,m2 E0 exp(Jk~1 ."'2 •r). (3.5.35) 
mi •"'l 
The components of k~ m and k:, m are explicitly given by Eq. (3.5 .3-5) by substituting 
I • 2 I , 2 
the refractive index of the superstrate and substrate for n; . The diffraction efficiencies 
which are the ratios of diffracted to incident power for each diffractive order are, (K. C. 
Johnson, 2010) 
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Figure 3.5 - 1: RCW A coordinate system 
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(3.5.36) 
(3.5.37) 
The choice of which special frequencies to include in the calculation is 
importance to assure the accuracy of the result. The number of special frequencies 
retained in each direction determines the resolution of the structure in that direction. The 
conventional approach is to use a non-tmncated scheme as shown in Figure 3.5-2 (a). 
This scheme gives higher resolution to spatial frequencies along the diagonals that can 
lead to inaccuracies and slower performance. The spatial frequencies should therefore be 
truncated. A powerful truncation scheme is given by (R. C. Rumpf, 2011 ), 
~ 1 (3.5.38) 
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where M1 and M 2 are the number of spatial frequencies retained in the m1 and m2 
directions and r is a parameter greater than zero. The choice of r determines the 
truncation. A number of possible choices are shown in Figure 3.5-2 (b-f). r > 1 is called 
barrel truncation which does not provide as much additional emphasis on the diagonal 
frequencies as the non-truncated scheme. r = 1 is circular truncation. It provides the same 
resolution in every direction. It is therefore the best starting choice if nothing is known 
about the grating's spatial frequencies. r = 0.5 is diagonal or diamond truncation. It is 
similar to the non-truncated scheme except the additional emphasis is given in the m1 and 
m2 directions. It is a good choice for a square lattice since these are the primary special 
frequencies of the grating. r < .5 is called pincushion. It can be used to speed up the 
calculation for square gratings, but one must be careful not to totally neglect the diagonal 
spatial frequencies as they play an important role. 
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(b) y = 1.3 Barrel 
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(e) y=.35 Pincushion 
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(c) y=l Circle 
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Figure 3.5 - 2: Truncation schemes for orders retained in RCW A calculations 
Let us now turn our attention to some example of the implementation of RCW A 
for studying plasmonic arrays. Figure 3.5-3 (a) shows a cylinder as represented in RCWA. 
It is constructed from a non-uniformly sized set of rectangles. This cylinder is composed 
of 19 cylinders however we routinely use 1999 in our calculations. The scattering matrix 
from each rectangle is calculated, then they are multiplied together to fmd the response of 
the entire structure. From this building block we can create complex structures as long as 
they have periodic boundary conditions. Figure 3.5-3 (b) shows an array of cylinder 
dimers. This structure will be explored in more detail in the next chapter. Figure 3.5-3 (c) 
shows the zero order transmission through an array of Au cylinders 100 run in diameters 
with an edge-to-edge separation of 100 run. It can be seen that the LSP resonance 1s 
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excited with a center wavelength of 595 nm. The importance of the choice of diffracted 
orders retained in the calculation is illustrated in Figure 3.5-3 (d), which shows the zero 
order transmission for s and p polarized light at the resonant wavelengG•. 595 nm. as a 
function of the maximum orders retained. From this analysis it can be seen that the 
simulation converges around M 1 = M 2 = 26. 
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Figure 3.5 - 3: (a) Cylinder implementation in RCW A. (b) Array of cylinder dimers. (c) 
Zero order transmission through an array of Au particles 100 nm in diameter with and 
edge-to-edge separation of 100 nm. Convergence of the zero order diffraction efficiency 
at the LSP resonance wavelength 695 nm. 
Since historically RCWA methods have had convergence problems when used 
with extreme material parameters like those of metals, it is important to validate this 
implementation. We do this by comparing the near and far-field against FDTD 
calculations. Figure 3.5-4 (a) shows a comparison between the total transmission through~ 
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an array of Ag particles calculated with RCWA and FDTD. The slight disagreement 
between the methods comes from the difference in the implementation of dispersion. 
Being a time domain method, FDTD uses an advanced fitting method for dispersion 
while in RCWA we use a simple interpolation of the Johnson and Christy data. Figure 
3.5-4 (b) shows a comparison ofthe near-fields calculated on the top plane of an array of 
Au particles. The spectral position of the peaks agrees, however RCW A fmds a lower 
field enhancement value then FDTD. Also shown in the figure is the dependence of the 
field enhancement on the number of orders retained in the calculation. At the LSP peak 
RCW A requires more diffractive orders to match the results of FDTD than it does 
elsewhere in the spectrum. 
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Figure 3.5 - 4: Validation of the RCWA method for plasmonics. (a) Comparison 
between the total transmission through an array of Ag cylinders as calculated with 
RCWA and FDTD. (b) Compatison ofthe maximum field enhancement found on the top 
surface of an array of Au cylinders as calculated with RCW A and FDTD. 
Finally, we would like to comment on the truncation scheme chosen as it relates 
to the near-field calculation. We have primarily limited our study to diagonal and circular 
truncation and have found that both converge equally when calculating far-field values. 
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Therefore diagonal is the preferable choice smce it I S computationally less intense. 
However, when considering the near-field the choice of truncation schemes becomes 
highly imp011ant. Figure 3.5-5 shows the near-fields on the top of 2.~:· ::trray of dimer:> 
illuminated at an oblique angle of incidence calculated with a diagonal (a) and circular (b) 
truncation schemes where M 1 = M 2 = 36 . As can be seen, the diagonal scheme gives 
added emphasis on the diagonal spatial frequency components, producing an artificial 
diamond-like pattern in the field map. On the other hand, the circular truncation fmds a 
more uniform field distribution since spatial frequencies in every direction are given 
equal weighting. 
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Figure 3.5 - 5: Comparison of truncation schemes as it relates to near-fi elds calculations . 
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3.6 Conclusions 
Throughout the remainder of this thesis we will use the models described in this chapter 
to engineer enhanced linear and nonlinearities optical properties in plasmonic 
nanostructures. We additionally use these methods to build physical understandings of 
newly discovered optical effects, specifically, plasmon enhanced depolarization of 
reflected light discussed in Chapters 4 and 10, tunability and control of plasmon 
enhanced metal photoluminescence from nanoparticle arrays discussed in Chapter 5, and 
enhanced second harmonic generation (SHG) from periodic, multi-frequency, and 
aperiodic arrays discussed in Chapters 6, 8, and 11 respectively. 
The capabilities of the method described in this chapter as they pertain to 
engineering plasmonic nanoparticle arrays are summarized in Tables 3.6-1 and 3.6-2. 
Table 3.6-1 shows the types of particles that may be simulated with each method. The 
designation "IP" indicates that the method can in principle be used for this calculation, 
however it may be an impractical choice for the problem. Table 3.6-2 shows the types of 
arrays that can be handled by each method. The last three columns indicate the number of 
particles in an arbitrary finite sized array that may be used with each method. These 
numbers are approximate and have been determined using the specific computation 
resources available for this research. Considerations such as order retention, mesh size, 
and particle size, shape and spacing may alter these values. All method other than the T-
matrix may be used for near-field calculations in addition to far-field analysis. However, 
recently a near-field version of the T-matrix method has been developed (Forestiere et al. , 
2011). 
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Table 3.6- 1: Types of particles that may be simulated with each method 
Small Large Small Cylinders Arbitrary Substrates 
Spheres Spheres Ellipsoids Particles 
CDA X X 
GMT X X IP 
T-Matrix X X X X X X (1 part.) 
FDTD X X X X X X 
RCWA IP IP IP X · IP X 
Table 3.6 - 2: Types of particle arrays that may be simulated with each method 
Infinite Finite Dimers/ Arrays Arrays Arrays 
Periodic Periodic Clusters <100 part. 100-500 >500 part. 
CDA X X X X X 
GMT X X X X 
T-Matrix X X X 
FDTD X X X X 
RCWA X X 
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Chapter 4 
Periodic Nanoplasmonic Arrays 
4.1 Near-field vs Diffractive Coupling 
When a system of multiple nanoparticles is illuminated, each element is excited by both 
the incident field and the field scattered by all the other particles in the ensemble. The 
result is a coupled LSP resonance that can vary greatly from that of each particle in 
isolation. In this section we breakdown this interaction into three individual components, 
specifically, the LSP resonance of isolated particles, near-field coupling between particles 
in which we consider the effects of evanescent fields, and finally diffractive or radiative 
coupling where the coherent addition of the propagating component of the field scattered 
by each element interacts. 
4.1.1 LSP of Isolated Particles 
Before we can consider array effects in plasmonic nanostructures, we must first explore 
the influence of size, morphology, and material on LSP resonances of isolated metal 
nanoparticles. Figure 4.1-1 (a) shows FDTD calculations ofthe scattering efficiency Q scat 
ofisolated Au spheres of diameter 50 nm (red), 100 nm (green), 150 nm (blue), and 200 
nm (magenta), excited by a planewave as indicated in the inset. As can be seen, the LSP 
is size dependent with larger particles resonating at longer wavelengths. Also notice that 
the magnitude of the scattering varies greatly with size as larger particles scatter light 
more efficiently. In fact as particle size increases there is a transition from highly 
efficient absorption to more efficient scattering (Stefan Alexander Maier, 2007). 
Figure 4.1-1 (b) shows the maximum near-field enhancement calculated in the 
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plane that cuts through the center of the particles and is perpendicular to the excitation 
direction. As can be seen, the LSP resonance boots the electric field near the surface of 
the pmi icle to several times that of the incident wave. This is the fundamental reason that 
plasmonic particles can be used to enhance optical nonlinearities. 
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Figure 4.1 - 1: FDTD calculations of the scattering efficiency (a) and (c), and field 
enhancement (b) and (d) for an isolated Au sphere (a-b) and cylinder (c-d), illuminated 
by a planewave as indicated in the inset. The diameters of the particles are 50 nm (red), 
100 nm (green), 150 nm (blue), and 200 run (magenta). The cylinders are 30 nm tall. 
In many plasmonics applications the particles are spherical. However, in arrays 
fabricated by lithographic techniques the particles are planar on their top and bottom 
surfaces. It is therefore necessary to understand how this alters their scattering and field 
enhancement properties. Figure 4.1-1 (c) and (d) show FDTD calculations of the 
scattering effic iency and . field enhancement for Au nano-cylinders with the same 
diameters as in panels (a) and (b). It can be seen that the scattering bandwidth becomes 
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narrower and that the particles scatter light more efficiently. Also notice that the field 
enhancement increases. This can be understood in terms of the quasi-static approximation, 
in that there is less surface area for the electrons to be distributed over on the side wall of 
a cylinder than a sphere. 
4.1.2 Near-Field Coupling of Evanescent Waves 
Consider now a system of two or more particles. The optical response of the ensemble 
depends on properties of the individual particles as well as how they interact with each 
other. In this coupled system, each particle is excited by both the incident wave and the 
field scattered by the other elements. As an illustration, consider a system of identical 
particles of radius a, small enough that they can be described using the CDA method. 
The polarization vector of the i 1h particle than has a magnitude (Markel, 2005), 
(4.1.1) 
where 'i-m =IF;- rm 1 ,and wm (r;_,) is the dipole interaction term, 
( 
2 1 . 1 1 J (• ) Wm(lf_,) = k -+ Jk-2---3- exp llat-m . 
'1-m 'i-m 'i-m 
(4.1.2) 
Solving Eq. (4.1.1) gives, 
(4.1.3) 
Where the ( ka )3 S ( 'i-m) is the dimensionless dipole sum of scattered field that excites the 
i 1h particle, 
49 
"( 2 1 . 1 1 J ( . ) s (Ji_,) = 2 ~ k 'i-m +} k 'i~m - 'i~m exp } kfi-m . (4.1.4) 
The interaction then has three separate terms that differ m their dependence on 
interparticle distance. We can split this into two parts, 
(4.1.5) 
and 
(4.1.6) 
where S P and Se (!.fe the coupling from the propagating and evanescent components of 
the scattered field, respectively. Coupling through interference of the propagating field 
will be considered in the next section. Here we will focus on evanescent component that 
is the source of what is called near-field coupling. 
Notice that Se decays exponentially with the distance, it therefore can only have 
an effect if the particles are placed very close together. As was discussed in the previous 
section, the evanescent electric field at the surface of a metal nanoparticle is dramatically 
enhanced above the magnitude of the incident wave when an LSP is excited. When 
another particle is placed in this region of intense field enhancement, the effect can 
severely alter its LSP resonance. 
An example of this is given in Figure 4.1-2 which shows (a) the total scattered 
power (normalized to this incident wave) and (b) the maximum field enhancement of Au 
nano-cylinder dimer consisting of two closely spaced 120 nm particles with an edge-to-
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edge dimer gap of20 nm (red), 40 nm (green), 60 nm (blue), and 100 nm (magenta). The 
dimer is excited by a normal incidence planewave linearly polarized along the dimer axis. 
Notice that the resonance shifts to longer wavelengths and becomes broader as the 
particles are moved closer together. More importantly for the engineering of the optical 
nonlinear, the near-field enhancement is dramatically increased for very small nano-gap 
separations. This type of structure has been extensively investigated for sensing 
applications (A6imovi6, Kreuzer, Gonzalez, & Quidant, 2009a). 
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Figure 4.1 - 2: FDTD calculation of (a) the total scattered power (normalized to this 
incident wave) and (b) the maximum field enhancement of Au nano-cylinder dimer 
consisting of two closely spaced 120 nm partiCles with an edge-to-edge dimer gap of 20 
nm (red), 40 nm (green), 60 nm (blue), and 100 nm (magenta). The dimer is excited by a 
normal incidence planewave linearly polarized along the dimer axis. 
4.1.3 Diffractive Coupling 
Next we look at the effect of constructive interference of the propagating component of 
the scattered field on the system's LSP resonance. Consider a set ofinfinite periodic two-
dimensional anays of 120 nm wide and 30 nm tall Au nano-cylinders with varying lattice 
constant A. Figure 4.1-3 (a) and (b) shows FDTD calculations of the maximum near-
field enhancement, and total reflected power nom1alized to the maximum value of each 
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spectrum when illuminated at normal incidence, for a number of different values of A , 
shown on the left axis of panel (a) . A broad LSP peak can be seen in both field 
enhancement and reflection around 600 nm, as shown for the individual particle in 
section 4.1.1. However, there is also an additional sharp feature that emerges around A= 
550 nm and shifts to longer wavelengths as the array spacing increases. 
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Figure 4.1 - 3: FDTD calculations of periodic array of 120 tim cylinders in freespace 
with varying lattice constants. (a) Normalized maximum field enhancement in the plane 
of the array for lattice constant indicated on left axis. (b) Total reflected power 
(normalized) for lattice constants indicated on left axis of (a) . Maximum near-field 
enhancement for lattice constant of 200 (red), 500 (green), 550 (blue), 650 (magenta), 
700 (black), 800 (cyan). The inset shows the maximum field enhancement as a function 
of lattice constant. (d) Magnitude of the sum of the dipolar power on the center particle 
emitted from each site in a 200 by 200 particle array with the same lattice constants as (c). 
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Figure 4.1-3 (c) shows the un-normalized field enhancement spectra for a few 
values of A: 200 (red), 500 (green), 550 (blue), 650 (magenta), 700 (black), and 800 
(cyan). Also shown in the inset is the maximum near-field enhancement found anywhere 
in the spectrum, as a function of A . Notice that at the smallest spacing the field 
enhancement is the lowest, and as the lattice constant increases the peak becomes larger 
but remains in the same spectral location until550 nm. At 650 nm, the field enhancement 
spectrum becomes extremely narrow and slightly red shifted. The broad peak around A = 
600 nm falls back to the level ofthe tightly packed array. As the lattice constant increases 
further, the sharp peak red shifts more but quickly decreases in magnitude. 
These findings can be seen to arise from constructive interference of the field 
scattered by each particle in the array. Consider again the example of an array of small 
particles such that they can be described with the coupled dipole method, and recall that 
Eq. 4.1.5 describes the effect ofthe sum ofthe dipole field scattered from each element in 
the system, on a specified particle. Figure 4.1-3 (d) shows the magnitude of S P for a 
particle at the center of a 200 by 200 element periodic array for the same lattice constants 
shown as in (c). We see that the spectral locations of the sharp peaks in field-
enhancement correspond to those of the maximum constructive interference in the dipole 
sum. Also, we see that the maximum field enhancement occurs when the constructive 
interference overlaps the particle's LSP resonance. Therefore, the field enhancement 
obtained around a particular particle is a result of both the LSP resonance of the 
individual particle and the constructive interference from the field scattered by the other 
particles in the array. 
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4.1.4 Substrate Effects 
So far we have considered LSP resonances and coupling in freespace; however, real 
particle arrays are fabricated on substrates at the interface of two different materials. The 
change in optical properties at this interface affects both the individual particle resonance, 
as well as the interparticle coupling. 
The effect of a substrate on the LSP resonance of a single particle or cluster of 
particles coupled in the near-field, is in most cases, a shift to longer wavelengths and a 
spectral broadening. 
Substrate effects on diffractive coupling in a plasmonic array can be qualitatively 
understood with a simple diffraction equation for a periodic grating. When an array is 
excited at normal incidence, the angles of the diffracted orders are, 
(4.1.7) 
where m is the index of the diffraction order and n is the refractive index of either the 
substrate or superstrate. When Am > An the grating order is cutoff, meaning it carries no 
power away from the structure. Right at the transition between propagation and cutoff, 
Am =An which implies e = 90° , the wave travels exactly in the plane of the array 
causing a secondary excitation of the plasmonic particles while still carrying no power 
away from the structure (Auguie & Barnes, 2008; Chu et al., 2008; V. Kravets et al., 
2008; Walsh, Forestiere, & Dal Negro, 2011). It has been known for over a century that 
when this condition is met, a sharp feature occurs in transmission and reflection known as 
the Wood's Anomaly (Hessel & Oliner, 1965). We see from Eq. (4.1.7) that this occurs at 
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A A =-n c 
m 
( 4.1.8) 
which is known as the Rayleigh cutoff condition (Goodman, 1968). When n = 1 Eq. 
( 4.1.8) gives exactly the same result found earlier using the dipole sum technique. That is, 
when the wavelength and lattice constant are equal there is constructive interference of 
the field scattered by each element of the array that spatially overlaps the particles 
causing a secondary excitation of the LSP resonance. 
For an array sitting on a substrate, the Rayleigh cutoff condition holds for both the 
refractive index of the substrate and superstrate. This means that for each value of m 
there are two cutoff conditions, one for refractive index of the substrate and another for 
that of the superstrate. 
Figure 4.1-4 (a) shows FDTD calculations of the near-field enhancement of 
infinite periodic arrays of 120 nm Au nano-cylinders with A= 400 nm (red), 500 nm 
(green), and 600 nm (blue) in freespace (solid) and on a silica substrate (dashed). The 
effect of the substrate oil the individual particle's LSP resonance is evident in the red-
shift of the spectra. It can also be seen that the field enhancement value is reduced by the 
presence of the substrate. This is further illustrated by the inset which shows the 
maximum field enhancement found anywhere in the spectrum as a function of A for 
arrays in freespace (solid) and on a substrate (dashed). 
Figure 4.1-4 (b) shows the total reflected power for the same arrays as in panel (a). 
Notice that the maximum field enhancement occurs when there is a sharp feature in the 
reflection spectrum. 
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Figure 4.1 - 4: FDTD calculations of periodic array of 120 nm cylinders in freespace 
with varying lattice constants in freespace (solid) and on a silica substrate (dashed). (a) 
Maximum near-field enhancement for lattice constant of 400 (red), 500 (green), and 600 
(blue). The inset shows the maximum field enhancement as a function of lattice constant 
in freespace (solid) and on a substrate (dashed). (b) Total reflected power for same arrays 
as (a). 
4.2 Oblique Incidence and Depolarization Ellipsometry 
Ellipsometry is a well-developed and powerful tool for the characterization the optical 
and physical properties of thin film stacks. It measures the relative magnitude and phase 
of the complex reflectance coefficients of a sample at an oblique angle of incidence. 
From these data, there are advanced fitting methods used to extract detailed information 
about the film thickness and optical constants. These fitting methods are of no use to us; 
however, in order to accurately measure diffractive coupling properties in plasmonic 
particle arrays we can leverage the highly mature ellipsometer instrumentation to conduct 
phase sensitive measurements with control over the excitation and collection angles. 
In this section we introduce the ellipsometry parameters and show how they can 
be extracted from simulated RCW A data, discus diffractive coupling in periodic 
plasmonic particle arrays excited at oblique incidence, and demonstrate that ellipsometry 
56 
measurements can be used to accurately identify excitation conditions leading to 
maximum field enhancement by diffractive coupling. 
4.2.1 Basics of Ellipsometry 
The two ellipsometry parameters ('I', 8) are defmed as (H. Fujiwara, 2007), 
(4.1.9) 
where rss and rPP are the complex reflectance coefficients for s and p polarization, 
measured in the specular direction Br = B; where B; is the angle of incidence. These 
parameters are determined from a series of intensity measurements with varying input 
states of elliptical polarization and analyzer positions (H. Fujiwara, 2007). 
We can extract 'I' and ~ from RCW A simulations by looking at the zero order 
reflection. For every diffractive order retained in the calculation ( ~, mJ, the method 
returns the complex reflection matrix 
- (rss 
R,l ,m2 = r 
ps 
( 4.1.1 0) 
Therefore we need only take the diagonal terms from Ra,o, and plug them into Eq. ( 4.2.1) 
to obtain ('I' , ~). 
In general, the reflected light may not occupy only one singular state of 
polarization. In this case a more general form with three ellipsometry coefficients · 
(a,fJ,r) is used. These parameters are related to ('I',~) by (Joerger, Forcht, Gombert, 
Kohl, & Graf, 1997), 
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a= cos(2\{'), (4.1.11) 
(4.1.12) 
(4.1.13) 
They are also similar to Stokes parameters in that the degree of polarization of the 
reflected wave is, 
(4.1.14) 
We can therefore determine the extent to which the sample depolarizes the light upon 
reflection. We define the percentage of depolarization as (Joerger et al., 1997), 
(4.1.15) 
4.2.2 Diffractive Coupling at Oblique Incidence 
For a square lattice excited by a planewave with an angle of incidence ();, and a polar 
angle ¢, we can rewrite Eq. ( 4.1.8) for the Rayleigh cutoff condition as 0/. G. Kravets, 
Schedin, Kabashin, & Grigorenko, 201 Ob ), 
(4.1.16) 
where p and q are integers. For ¢ = 0 this equation simplifies to, 
(4.1.17) 
Figure 4.2-1 (a) shows RCWA calculations of the s (solid) and p (dashed) 
reflection coefficients of an infinite square periodic array of 120 run diameter and 30 run 
tall Au cylinders in freespace with A= 320 run, excited at (); = 60° . When the Rayleigh 
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cutoff condition is met at A.c = 597 nm, there is a sharp dip in Rs, similar to the dips seen 
earlier in Figures 4.1.3 (b) and 4.1.4 (b) for the total reflected power at normal incidence. 
These sharp dips are analogous to the zero-frequency observed in a system of two 
coupled mechanical oscillators (Joe, Satanin, & Kim, 2006) and are characteristic of 
asymmetric Fano-type line shape (Rodriguez et al., 2011). On the other hand, RP 
increase when the cutoff condition is met. Looking at the maximum field enhancement 
that occurs on the top plane of the array, shown in Figure 4.2-1 (b), we see that the 
Wood's Anomaly causes a sharp peak in the near-field intensity for incident p 
polarization while it suppresses field enhancement for s . A map of the near-field 
enhancement on · the top plane of the array is shown in the inset for the incident p 
polarization at the Rayleigh cutoff condition. 
The influence of the Wood' s Anomaly on both the magnitude and phase of the 
reflected light is evident when looking at the ellipsometry parameters 'I' and 11 , plotted 
in Figure 4.2-1 (c) and (d), respectively. 'I' shows that the relative amplitude of the 
complex reflectances rs and rP change abruptly when the cutoff condition is met. This 
abrupt change in the reflection magnitude is accompanied by a 180° phase jump between 
rs and rP, as seen in /1. 
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Figure 4.2 - 1: RCW A calculations of a periodic array of Au nano-cylinders in free space 
illuminated by a planewave at an angle of incidence 80 = 60° . (a) The specular reflection 
at BR = 80 for s- (solid), and p- (dashed) incident polarization. (b) Maximum near-field 
enhancement on the top plane of the array (illumination side). The field profile is shown 
in the inset for p-polarization at the cutoff wavelength Ac = 595nm . (c) The ':1' , and (d) 
~ ellipsometric parameters. 
The spectral coincidence of the sharp features in the ellipsometry parameters and 
the field enhancement indicates that this well-developed technique may be leveraged in 
order to· study field enhancement properties of diffractively coupled plasmonic arrays in 
the far-field. This will be experimentally demonstrated in the next section. 
4.3 Plasmon-Enhanced Depolarization from Periodic Au Nanoparticle Arrays 
Reprinted (adapted) with permission from G. F. Walsh, C. Forestiere, L. Dal Negro, 
Plasmon-enhanced depolarization of reflected light from arrays of nanoparticle dimers , 
Optics Express, Vol. 19, Issue 21, pp. 21081-21091 (2011). Copyright 2011 Optical 
Society of America. 
In the previous section we theoretically demonstrated how the ellipsometry parameters 
can be used to identify the spectral location of diffractive coupling in plasmonic arrays 
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leading to narrow bands of intense near-field enhancement. In this section usmg 
spectroscopic ellipsometry, we demonstrate significant depolarization of far-field 
reflected light due to plasmonic near-field concentration in dimer arrays of metallic 
nanoparticles fabricated by electron beam lithography. By systematically investigating 
dimer arrays with varying sub-wavelength interparticle separations, we show that the 
measured depolarization presents a sharp peak at the Rayleigh cutoff condition for 
efficient in-plane diffractive coupling. Moreover, by investigating the depolarization of 
reflected light as a function of the excitation angle, we demonstrate that maximum 
depolarization occurs in the spectral regions of plasmon-enhanced near ... fields. Our results 
demonstrate that far-field reflection measurements encode information on the near-field 
spectra of complex nanoparticle arrays, and can be utilized to experimentally determine 
the optimal conditions for the excitation of sub-wavelength plasmonic resonances. The 
proposed approach opens novel opportunities for the engineering of nanoparticle arrays 
with optimized enhancement of optical cross sections for spectroscopic and sensing 
applications. 
4.3.1 Background of Diffractive Coupling of LSP Resonances 
In this work, using depolarization ellipsometry, we experimentally investigate the 
complex interplay of short-range quasi-static and long-range diffractive coupling in two-
dimensional (2D) periodic diffraction gratings made of closely spaced nanoparticle 
dimers with varying sub-wavelength interparticle separations. By investigating a large 
number of structures under different excitation angles, we show that optimized photonic-
plasmonic coupling results in strong depolarization of far-field scattered light. Moreover, 
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by comparing our experimental results with semi-analytical diffraction calculations based 
on Rigorous Coupled Wave Analysis (RCWA) (K. C. Johnson, 2010; Raymond C. 
Rumpf, 2006), we demonstrate that the observed far"-field depolarization peaks originate 
from the enhanced spatial localization of plasmonic excitations and that depolarization 
measurements can be utilized to extract information on the wavelength spectra of near-
fields in plasmonic nanostructures. 
Anomalous diffraction from metallic gratings has been known and studied for 
more than a century (Hessel & Oliner, 1965). Recently, Zou et al. (Zou, Janel, & Schatz, 
2004 ). predicted sharp resonances in the scattering and extinction spectra of periodic 
chains of metal nanoparticles and later theoretically showed that these produce large 
near-field enhancements (Zou & Schatz, 2005a). Hicks et al. (Hicks et al., 2005) first 
reported enhanced dark field scattering intensity from chains of silver nanoparticles with 
lattice constants approximately equal to the isolated particle' s resonant wavelength. Later 
using ellipsometry, Kravets et al. (V. Kravets et al. , 2008) reported the first experimental 
observation, both in reflection and extinction, of collective photonic-plasmonic 
resonances in periodic arrays of gold nano-particles and demonstrated that the spectral 
location of these resonances could be tailored by varying the incident angle and grating 
period. They recently utilized these .effects to engineer an ultrasensitive refractive index 
sensor (V. G. Kravets et al., 2010b). These fmdings where later confirmed by Auguie et 
al. (Auguie & Barnes, 2008) and Chu et al. (Chu et al., 2008) and can be explained by the 
Fano-type coupling of narrow band photonic grating modes with the broad plasmonic 
response of metallic nanoparticles (Luk'yanchuk et al., 201 0). Recently, numerous 
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studies of deterministic aperiodic structures have shown broadband coupling of critically 
localized photonic modes to LSP resonances leading to large and reproducible Surface 
Enhanced Roman Scattering (SERS) enhancement factors (Gopinath, Boriskina, 
Reinhard, & Negro, 2009; Gopinath, Boriskina, Premasiri, et al., 2009). 
Most studies on lithographically-defmed plasmonic arrays have focused on 
measurements of extinction and scattering or on effects such as SERS, but there has been 
little work on the depolarization properties of light scattered by plasmonic arrays. On the 
other hand, numerous experimental and theoretical studies of the depolarization of light 
from suspensions of randomly oriented non-spherical metal nanoparticles provided 
detailed information on LSP resonances (B. N. Khlebtsov, Khanadeev, & Khlebtsov, 
2008; N. G. Khlebtsov et al., 2005). 
Here we investigate depolarization effects in nanoscale plasmonic particles 
diffractively coupled through tunable long-range grating modes, and we show that the 
localization of LSP resonances causes sharp depolarization peaks in the far-field 
reflection carrying information on the near-field spectra of plasmonic excitations. 
Additionally, we show that depolarization reflection techniques can be used to 
unambiguously determine the condition for optimal excitation of LSP resonances in 
photonic-plasmonic arrays. 
As discussed in Section 4.2.2, for a plane wave at an oblique angle of incidence 
B; on a regular lD periodic grating with lattice constant A , the Rayleigh cutoff 
wavelength is given by Eq. ( 4.2.8) 
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In this study, we will focus on lD periodic gratings of fixed lattice constant and 
systematically investigate the effects of tuning the coupling strength to LSP resonances 
by adjusting the angle of incidence and the sub-wavelength gaps between periodically 
arranged plasmonic dimers. 
4.3.2 Samples fabrication and experimental apparatus 
Using a Woollams V-VASE Spectroscopic Ellipsometer we investigated the 
depolarization properties of lithographically defined periodic arrays of identical gold 
nano-particles on fused silica substrates. The array geometry is shown schematically in 
Figure 4.3-l(a). Gold nano-cylinders with diameter D are arranged into dimers with 
minimum edge-to-edge gap separation dmin. The edge-to-edge distance between adjacent 
dimers in the Y -direction is held constant at d2 so that as dmin increases the spacing 
between the dimers does not decrease. When dmin = d2 , the lattice becomes a rectangular 
array of monomers. The lattice is spaced in the X-direction in a regular grid with period 
A . 
Figure 4.3-1 (b-e) show scanning electron micrographs (SEMs) of representative 
arrays of dimers and monomers fabricated by electron beam lithography (EBL). Patterns 
were defmed by EBL in a 180nm thick layer of PMMA (Microchem PMMA 950 A3) 
spin cast on fused silica substrates then sputter coated with less than 1 Onm of gold. After 
exposure, the gold layer is removed with a gold etchant, the resist is developed for 70 
seconds in a 1 :3 solution of methyl isobutyl ketone to isopropanol and the samples are 
cleaned in an oxygen plasma. 2nm of Cr and 28nm of Au are deposited by electron beam 
evaporation, then lift off is performed in heated acetone. The samples are rinsed in 
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isopropanol and dried with nitrogen before ellipsometric measurements are performed. 
The arrays are 200 J-im x 200 J-im which is equal to the spot size of the ellipsometer beam 
using its focusing probes. 
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Figure 4.3 - 1: (a) Schematic of nanoplasmonic dimer array geometry. Particles are 
cylinders with diameter D, dimer gap separation drnin, edge-to-edge separation between 
dimers in theY direction d2 and the center-to-center separation in the X direction A. (b-e) 
SEMs of representative dimer arrays fabricated by EBL on fused silica substrates with D 
= 120nm, d2 = 130nm and drnin = 20nm (a), 30nm (b), 50nm (c), and 130nm (d). 
4.3.3 Ellipsometry of Plasmonic Arrays 
Spectroscopic ellipsometry is a powerful phase-sensitive technique that measures the 
change in the polarization state of light upon scattering from a surface. This technique is 
well suited to provide accurate phase information at the Rayleigh cutoff of periodic 
gratings where it has previously been shown that the p component of the specular 
reflection is nearly completely suppressed (V. Kravets et al., 2008). As is illustrated in 
Figure 4.3-2 (a), our samples are illuminated at an angle of incidence (); and the specular 
reflection is measured at the angle e,. = B; . The plasmonic structures are oriented such 
that the s component of the incident field is parallel to the dimer axis and the p 
component is aligned with the grating direction. The common ('I', L1), and full (a, /3, r ) 
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ellipsometry parameters, as well as the degree of polarization P are measured as 
discussed in Section 4.2.1. 
In this work, instead of P we report the percentage of depolarization, 
l!l.dp = (1- P)1 00% . When !J.dp = 0, the reflected light is totally polarized, meaning that it 
can be represented by one specific state of polarization. When 0 < !J.dp < 1, the reflected 
light is only partially polarized. Shown in Figure 4.3-2(b) are the squares of the three 
normalized ellipsometric parameters and !J.dp obtained at specular reflection from an 
array of dimers (denoted by subscript d and blue lines) with A= 320nm, D = 100nm, 
dmin = 40nm, d2 = 80nm and a comparable array of monomers (denoted by subscript m 
and red lines) with dmin = d2 = 80nm measured at B; = 50°. The grating resonance around 
575nm produces sharp features (one peak and a polarization dip) in two of the three 
ellipsometric parameters. Note that y 2 is magnified by a factor of 20 in Figure 4.3-2(b). 
Also notice that the magnitude of the dip in the parameter a 2 is greater than the peak 
intensity in /3 2 and therefore it follows from Eq. (4.2.7) a net depolarization of the 
reflected light is induced by the plasmonic resonance of the array. 
It can be observed from the solid curves in Figure 4.3-2 (b) that this effect is five 
times stronger for the array of dimers than for monomers, due to the increased ·field 
concentration in the nanoscale dimer gap regions. We additionally found that the strength 
of depolarization is highly dependent on the sub-wavelength interparticle separations in 
the dimer gap regions, as shown in Figure 4.3-2 (c) for arrays of 120nm diameter 
particles with A = 320nm and d2 = 130nm for dmin = 20, 30, 50, and 130nm, excited at 
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ei = 60° . The maximmn depolmization for each anay is plotted in the insei as a function 
of dimer gap separation. These spectra have a similar shape to the 'P ellipsometry 
parameter shown in Figure 4.3-2 (d). Notice that a second pea,k, red shifte.:1 from the 
main one, appears in the depolarization and 'P spectra of Figure 4.3-2 (c) and (d). This 
corresponds to the Rayleigh cutoff wavelength for diffracted waves propagating in the 
substrate, which can be easily predicted by inserting the refractive index of fused silica 
(n = 1.45) into Eq. (4.2.8) as discussed in Section 4.2.2. The inset of Figure 4.3-2(d) 
shows the !J.. parameter for these arrays. Notice that at the Rayleigh cutoff condition there 
is a Heaviside type variation in !J.. , the relative phase between rss and rPP • 
While it is well established that plasmonic .quasi-static coupling of closely spaced 
dimers dramatically increases the LSP field localization compared to monomers (Talley 
et al., 2005), it is not directly obvious that this enhanced nanoscale field localization can 
lead to an increase in depolarization of reflected radiation in the far-field. In fact, the field 
components that are localized within the nanoscale dimer gaps have spatial frequencies 
well in excess of the propagation cutoff. However, for the structures considered in this 
work, our experimental results clearly demonstrate that by decreasing the dimer gap 
separation it is possible to increase the depolarization of the far-field reflected (i.e., 
radiative) components. In order to rule out the contribution to our ellipsometric 
measurements of additional depolarization effects due to the incoherent addition of 
backside reflections from the substrate (H. Fujiwara, 2007; Joerger et al. , 1997), we 
repeated the experiments on arrays fabricated on single and double side polished silicon 
substrates. In both cases, we observed similar depolarization peaks at wavelengths above 
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the silicon bandgap where the samples are opaque. For the double side polished silicon 
sample, a background depolarization of around 3% was observed for wavelengths below 
the bandgap where it is transparent. Moreover, no depolarization was observed in regions 
outside the arrays for either the single side polished silicon or fused silica substrate at any 
wavelength. 
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Figure 4.3- 2: (a) Schematic of ellipsometry experiment. The array is excited at an angle 
of incidence B; and the polarization state of the scattered light is measured at f}R = B; . (b) 
Squares of ellipsometric coefficients for an array of dimers (a~, f3~, r~ ) in blue with A = 
320nm, D = 1 OOnm, d2 = 80nm and dmin = 40nm measured at B; = 50° and a comparable 
array of monomers (a~,, /3,~ , r,~ ) in red with dmin = d2 = 80nm. Also depolarization for the 
two arrays ( Lldp _ d , Lldp _m) . (d) Scaling of the depolarization with dimer gap separation 
(dmin = 20, 30, 50 and 130nm) at B; = 60° for an array with D = 120nm, A = 320nm and 
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d2 = 130nm. (inset) Maximum depolarization vs. gap separation. (d) Scaling of 'I' and 1:1 
(inset) with dimer gap separation. 
In order to obtain a better understanding of our experimental results we will now 
discuss in greater detail the physical origin of plasmon-enhanced field depolarization as 
measured by ellipsometry on nanostructured surfaces. It is well known that multiple light 
scattering by rough inhomogeneous surfaces produces diffuse reflection of light with 
rapidly varying spatial distribution of polarization states. Standard ellipsometric 
instruments collect a finite angular range of k vectors (as opposed to a single direction) 
and therefore detect an inhomogeneous mixture of wave fields, each characterized by a 
well-defmed polarization state. This type of inhomogeneous angular spread of 
polarization states, known as quasi-depolarization (H. Fujiwara, 2007), is the primary 
cause for the polarization loss mechanism (i.e. depolarization) of scattered light by rough 
surfaces or irregular objects. However, in our experimental work we deal with 
homogeneous samples consisting of identical nanoparticles deposited on optically smooth 
surfaces, and the significant depolarization shown in Figure 4.3-2 occurs only when the 
Rayleigh cutoff condition is met. This condition maximizes the coupling to localized 
plasmonic excitations and the spread of scattered k vectors within the fmite collection 
angle, contributing to plasmon-enhanced quasi-depolarization in the specular reflection. 
It is important to note that angularly diffuse scattering occurs over a narrower frequency 
range determined by the Rayleigh cutoff condition and that the bandwidth of the 
depolarization decreases as the dimer gap separation is reduced. The increased spatial 
localization of the LSP resonances results in angularly diffuse scattered field components 
with spatially varying polarization states, leading to net depolarization. 
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In the next section, using semi-analytical diffraction grating calculations, we will 
compare our far-field ellipsometry results with the near-field spectra of plasmonic 
structure. 
4.3.4 Theoretical Results 
In order to understand the relationship between our results and near-field 
enhancement we used the RCW A method to calculate the ellipsometry parameters 'I' 
and !:::. , as well as the fields on the top and bottom planes of the particle arrays. Note that 
this method cannot calculate the depolarization of the field since it does not account for 
incoherent effects. The calculated 'I' parameter for the same arrays studied in Figure 
4.4.2(c-d) is shown in Figure 4.3-3(a). By comparison with Figure 4.4.2(d) we see a 
similar trend with smaller dimer gap separations producing larger peaks in 'I' at the 
Rayleigh cutoff wavelength. The similarity between 'I' and the depolarization spectra in 
the experiment indicates that if incoherent effects could be taken into account we would 
see depolarization. Also notice the similarity between the !:::. parameter in the insets of 
Figure 4.3-2 (c) and 4.3-3(a). 
The square of the maximum near-field enhancement for p-polarized excitation, 
found on the top and bottom plane of these arrays are shown in Figure 4.3-3 (bl) and (b2), · 
respectively. Notice that when the Rayleigh cutoff condition is met there is a sharp 
increase in the field enhancement. Also notice that decreasing the dimer gap causes the 
field enhancement bandwidth to become narrower. Comparing these results with the 
depolarization from Figure 4.3-2( c) we see a similar trend in bandwidth narrowing with 
decreasing dimer gap separation. We have therefore shown that by coupling into a 
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Wood's anomaly at the Rayleigh cutoff condition in a periodic array of plasmonic 
particle dimers, we can create extremely narrow enhancements in the near-field intensity 
with the bandwidth determined by the dimer gap separation. We have further shown that 
this enhancement leads to a far-field depolarization of the reflected light. 
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Figure 4.3 - 3: RCWA Calculations of (a) 'I' and ~ (inset) periodic arrays of dimers 
with D =120nm, A =320nm, d2 =130nm, and dgap = 20nm (blue), 30nm (red), 50nm 
(green), and 130nm (orange). Maximum field enhancement squared on the top plane of 
the array (b 1) and bottom plane (b2). 
4.3.5 The effect of incident angle 
In the previous sections we discussed the results for the angle of incidence that produces 
the strongest depolarization. Now we investigate, experimentally and theoretically, 
depolarization as a function of both wavelength and incidence angle. Figure 4.3-4(a-c) 
summarizes our experimental findings in the color maps obtained for an array of 120nm 
diameter gold particles with A = 320nm, d2 = 130nm and dnlln = 130 nm (a), 60nm (b) 
and 20nm (c). As was shown previously, the strongest depolarization occurs when the 
dimers gap is the smallest. Additionally, we observe that the maximum depolarization 
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closely follows the angular trend of the first grating mode as described qualitatively by 
Eq. (4.3.8), which predicts the behavior plotted by the white lines (with n = m = 1). The 
experimentally measured behavior of the grating mode appears red-shifted by 
approximately 20nm with respect to the trends predicted by the scalar Eq. (4.3.8), in 
agreement with results of previous experiments (V. Kravets et al. , 2008). While it is clear 
from the results in Figure 4.3-4 (a-c) that the depolarization effect is strongest at the 
Rayleigh cutoff, the importance of the wavelength spectrum of the LSP resonance of the 
individual elements (i.e. , monomers and dimers) is also demonstrated. In fact, we observe 
in Figure 4.3-4 that, although the Rayleigh cutoff condition determines the spectral 
position of maximum depolarization for a particular angle of incidence, the strength of 
depolarization (i.e., color intensity) varies greatly across the wavelength scale. Figure 
4.3-4( d) shows for each angle measured the maximum depolarization plotted against the 
wavelength at which it occurred for each of the three arrays. This shows that not only 
does the depolarization increase as the dimer gap shrinks but that the spectral position of 
the optimum coupling condition red shifts which is a consequence of increased dephasing 
of the particles' dipolar resonances (Brongersma & Kik, 2007). This implies that 
depending on the LSP characteristics of the base elements from which the periodic array 
is constructed, there will be a different optimal coupling wavelength and excitation angle. 
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Figure 4.3-4: Measured depolarization as a function of wavelength and angle of 
incidence for arrays with A= 320nm, D = 120nm and d2 = 130nm for dimer gap 
separations of dmin = 130nm (a), 50nm (b) and 20nm (c). (d) Maximum depolarization for 
each angle measured on all three arrays plotted against the wavelength where it occurred. 
Next, we numerically modelled the effects of the incident angle on both the near-
field and far-field polarization properties by using RCWA. Figure 4.3-S(a) shows the 'I' 
ellipsometry parameter for the array with d gap = 20nm, excited at various angles of 
incidence, namely (}; = 40° (blue), 50° (red), 60° (green), and 70° (orange). Once again, 
these plots show a double peak, corresponding to the Rayleigh cutoffs in air and the 
substrate. The square of the maximum near-field enhancement found on the top plane of 
the array is shown in Figure 4.3-S(b). As in the case of the depolarization, the field 
enhancement maximum is highest at the particular angle where the Rayleigh cutoff 
spectrally overlaps the dimer's resonance causing the most efficient transfer of energy 
from the diffracted wave to the LSP. Also notice that when the array is excited at (}i 
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40° (blue), the cutoff in the substrate overlaps the LSP also producing a strong near-field 
enhancement. Therefore we can use either cutoff to efficiently couple diffracted light into 
the LSP resonance allowing us to design field enhancement in an extremely narrow 
spectral range. 
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Figure 4.3-5: RCWA calculations ofthe 'P (a) and the square ofthe maximum field 
enhancement (b) for an array of dimers with D = 120nm, A= 320nm, d2 = 130nm, and 
dgap = 20nm excited at an angle of incidence of B; = 40° (blue), 50° (red), 60° (green), 
and 70° (orange). 
Additionally it can be seen in Figure 4.3-5(b) that when the array is excited at 50° 
(red), both the cutoff in air and the substrate sufficiently overlap the LSP resonance to 
produce a broad and flat band of field enhancement. Therefore by designing individual 
particle clusters with broad LSP resonance and choosing the proper index contrast 
between the substrate and superstrate as well as the excitation angle, we can produce 
arrays with extremely broadband and flat near-field enhancement. 
From this study, we conclude that the knowledge of far-field depolarization 
spectra bears information on the spectra of near-field plasmonic excitations. The interplay 
between depolarization and plasmonic-enhanced near-field spectra can be used to 
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determine the optimal conditions to engmeer near-field intensity enhancement m 
photonic-plasmonic arrays. 
4.3.6 Conclusions 
We have demonstrated for the first time strong depolarization of specular reflection from 
arrays of plasmonic nanoparticles diffractively coupled in a periodic grating geometry. 
We have shown experimentally that at the Rayleigh cutoff condition the depolarization 
features a sharp maximum corresponding to the efficient excitation of LSP localized 
modes. Additionally, we demonstrated that there is an optimal angle of incidence that 
gives rise to the strongest depolarization effects and that the simultaneous engineering of 
diffractive coupling and LSP resonance bandwidth of individual nanoparticle is required 
to maximize photonic-plasmonic coupling in nanoparticle arrays. 
The origin of the observed far-field depolarization has been explained by the 
increased spatial localization of the LSP resonances that results in angularly diffuse 
scattered field components with spatially varying polarization states, leading to a net 
depolarization effect. Numerical analysis of these structures using semi-analytical 
diffraction theory shows that the sharp far-field features in the ellipsometry parameters 
correspond to narrow band near-field enhancement when the Rayleigh cutoff spectrally 
overlaps the dimer resonance, and that the bandwidth of that enhancement is controllable 
by the dimer gap separation. Our results demonstrate that far-field depolarization spectra 
carry optical information on the near-field frequency spectra ofplasmonic arrays, and can 
be utilized to determine the optimal excitation conditions for the engineering of 
plasmonic resonances in complex arrays. 
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Chapter 5 
Linear and Nonlinear Plasmon-Enhanced PL from Au Particle Arrays 
5.1 Plasmon Enhanced Linear Photoluminescence 
, Reprinted (adapted) with permission from G. F. Walsh, L. Dal Negro, Engineering 
Plasmon Enhanced Au Light Emission with Planar Arrays ofNanoparticles, Nano Letters, 
13 (2), pp. 786-792 (2013). Copyright 2013 American Chemical Society. 
By systematically investigating the light emission and scattering properties of arrays of 
Au nanoparticles with varying size and separation, we demonstrate tunability and control 
of metal photoluminescence (PL) and unveil the critical role of near-field plasmonic 
coupling for the engineering of active metal nanostructures. We show that the decay of 
photo-excited electron-hole pairs into Localized Surface Plasmons (LSPs) dramatically 
modifies the Au emission wavelength, lineshape, and quantum efficiency depending both 
on particle size and separation. In particular, in arrays with near-field coupled 
nanoparticles we demonstrate broad light scattering and emission spectra that scale 
differently with respect to nanoparticle size due to the enhanced LSP non-radiative decay 
caused by near-field interparticle coupling. Our experimental results are fully supported 
by semi-analytical extinction simulations based on Rigorous Coupled Wave Analysis 
(RCWA), which demonstrate the importance of tuning plasmonic near-field coupling for 
the engineering of active devices based on light emitting arrays of metallic nanoparticles. 
5.1.1 Introduction 
Localized Surface Plasmons (LSPs ), which are coupled excitations of optical waves and 
conduction electrons bound to the surface of metal nanoparticles, have emerged as a 
promising technology for a variety of applications such as sensing (Willets & Van Duyne, 
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2007), fluorescence enhancement (Anger et al. , 2006), solar energy harvesting (Catchpole 
& Polman, 2008), optical switches (Hsiao et al., 2008), and medical treatment (J. Chen et 
al., 2007). The unique characteristics of LSPs that enable all these applications are related 
to the spectral tunability of their far-field scattering and extinction (Stefan Alexander 
Maier, 2007), near-field intensity enhancement, and modification of the local density of 
photonic states in nanoscale regions (Muskens et al. , 2007). 
Recently, linear and nonlinear photoluminescence processes in noble metals have 
been investigated in relation to the plasmonic resonances of nanostructures. In particular, 
two-photon emission microscopy has been used to visualize the plasmonic resonant 
modes of Au nano-antennas (Ghenuche, Cherukulappurath, Taminiau, Van Hulst, & 
Quidant, 2008) and the visible and near-infrared emission characteristics of metals have 
been investigated in smooth and roughened films (Beversluis, Bouhelier, & Novotny, 
2003; G. Boyd, Yu, & Shen, 1986; V. Shalaev, Douketis, Haslett, Stuckless, & 
Moskovits, 1996) as well as from sub-wavelength tips (Beversluis et al. , 2003). 
Additionally, studies of chemically synthesized Au nanoparticles have shown that the 
linear photoluminescence (PL) from bulk Au can be enhanced as much as eight orders of 
magnitude (Wu et al., 2010) and that its emission peak is tunable by particle size and 
morphology (Eustis & El-Sayed, 2005; Mohamed, Volkov, Link, & El-sayed, 2000; 
Yorulmaz, Khatua, Zijlstra, Gaiduk, & Orrit, 2012). These properties have been 
attributed to non-radiative decay of photo-excited electron-hole pairs to LSP resonances 
at the emission wavelength (Dulkeith et al., 2004), and have enabled the measurement of 
LSP spectra without the need of an external broadband light source. However, the role of 
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plasmonic near-field coupling on the linear emission spectra and efficiency of 
nanoparticle arrays with engineered morphology has not been addressed systematically 
within a combined experimental and computational approach. 
On the other hand, many studies have rigorously explored the linear scattering 
properties of LSP resonances in metal nanoparticles with different morphologies for 
sensing applications due to their high spectral sensitivity to the local environment. By 
monitoring the dark-field scattering and extinction spectra of metal nanoparticles, 
fluctuations in the local refractive index (McFarland & Van Duyne, 2003), protein 
monolayers (Adato et al., 2009), adsorption of gasses to a surface (Liu, Tang, Hentschel, 
Giessen, & Alivisatos, 2011 ), and photochemical transitions (Hsiao et al., 2008) have 
been detected. Additionally, dynamic processes have been studied such as neurological 
activity (Zhang, Atay, & Nurmikko, 2009). However, the variations in excitation-
collection configurations of dark-field scattering and extinction microscopy can lead to 
large variability on measured results due to strong angular and model dependence of the 
excitation and radiation properties of LSPs (J. a Fan et al., 2012; Knight, Fan, Capasso, & 
Halas, 2010). This results in reduced sensitivity, uncontrollable spectral broadening, as 
well as inconsistencies among different studies. To this point, the unique ability of 
plasmon-enhanced PL to directly transduce LSPs, which are sensitive to the near-field 
environment, into far-field radiation without the need of an external white light source, 
would offer a reliable alternative to traditional dark-field scattering spectroscopy for the 
engineering of plasmon-enhanced optical sensors. However, in order to achieve this goal 
it is first essential to address the role of particle size and near-field interactions on the PL 
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of plasmonic nanoparticle arrays with highly reproducible and controlled geometries. 
In this chapter, we systematically vary both nanoparticle size and separation in 
lithographically fabricated planar arrays of Au nanocylinder monomers and dimers on 
fused silica substrates, and demonstrate control of the PL central wavelength, emission 
linewidth and efficiency. In particular, for arrays of particles separated enough to avoid 
the onset of near-field electromagnetic coupling, i.e., sparse arrays, we find a linear 
correlation between the central wavelength of the PL and dark-field scattering spectra 
indicating that LSPs are responsible for the tunability of the emission in agreement with 
previous work on isolated particles (Dulkeith et al., 2004; Eustis & El-Sayed, 2005; 
Mohamed et al., 2000; Wu et al., 2010; Yorulmaz et al., 2012). However, we additionally 
show that at small interparticle separations the PL efficiency decreases significantly due 
to enhanced non-radiative LSP damping by plasmonic near-field interparticle coupling, in 
agreement with electromagnetic simulations based on Rigorous Coupled Wave Analysis 
(RCWA) (K. C. Johnson, 2010; Moharam & Gaylord, 1981). Our work has direct 
implications for the engineering of plasmonic structures that leverage plasmon-enhanced 
metal emission for optical sensing at the nanoscale. 
5.1.2 Plasmon-enhanced PL from Au. 
PL from bulk Au was first reported in 1969 by Mooradian (Mooradian, 1969). In 1986, 
Boyd et al. (G. Boyd et al., 1986) reported the observation that roughening Au surfaces 
produced modifications in the PL spectrum and efficiency. They explained their result as 
a local field effect arising from LSP excitations and proposed a phenomenological model 
based on a local field correction factor, following the formalism of earlier work on 
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Surface Enhanced Raman Scattering (SERS) and Second Harmonic Generation (SHG) (C. 
K. Chen, T. F. Heinz, D. Ricard, 1983). This model has been used to accurately predict 
spectral tunability data from numerous studies of non-interacting metal nanoparticles and 
nanorods (Eustis & El-Sayed, 2005; Mohamed et al., 2000). However, Dulkeith et al. 
(Dulkeith et al., 2004) showed that it underestimated the efficiency of the PL 
enhancement, and proposed a new model, building on the results of Shahbazyan et al. 
(Shahbazyan, Perakis, & Bigot, 1998), in which non-radiative recombination of an 
electron-hole pair directly excite an LSP resonance, which subsequently decays 
radiatively. 
A sketch of the energy diagram of the PL process in Au nanoparticles is shown 
schematically in Figure 5.1-1 (a). According to this picture, the absorption of a photon 
excites a d-band electron into the sp conduction band above the Fermi Energy (EF) 
leaving behind a hole, which is scattered to the Fermi sphere with momentum (pF ). In 
bulk Au, the hole can recombine with an electron from the conduction band emitting a 
photon. This process is highly inefficient due to the abundance of non-radiative pathways 
in metals, such as heating and Auger recombination, resulting in quantum yield on the 
order of 10-10. In Figure 1 b we show a representative PL spectrum measured by exciting 
with laser light at 405 nm a 30 nm thick Au film on a fused silica substrate. The 
measured PL spectrum peaks at 525 nm, in agreement with previous works on bulk Au 
(Mooradian, 1969). However, in the case of Au nanoparticles, interband resonant 
scattering of the d-band hole with an LSP can produce a plasmon excitation, as sketched 
in Figure 5.1-1 (a) (Shahbazyan et al. , 1998). The radiative decay of this excitation gives 
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rise to PLat the plasmon wavelength by LSP annihilation to far-field photons. This decay 
has been shown to be much more efficient than the direct photo emission by electron-hole 
recombination (Wu et al., 2010). However, LSP resonances can also decay non-
radiatively limiting the efficiency of the plasmon-enhanced PL from metals. 
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Figure 5.1 - 1: (a) PL energy diagram for Au nanoparticles and (b) measured PL 
spectrum form a 30 nm thick Au film on a fused silica substrate. 
In this work we systematically study the PL generated from planar arrays of Au 
nano-cylinders 30 nm in height with varying diameters and interparticles separations, 
fabricated on fused silica substrates by an electron beam lithography (EBL), metal 
evaporation, and liftoff process. In particular, we demonstrate the critical role of 
plasmonic near-field coupling on the non-radiative LSP losses and enable the design of 
more efficient active plasmonic arrays with controllable emission properties. 
Figure 5.1-2 shows scanning electron micrographs (SEMs) of representative 
arrays . In this study we examine arrays of single particle monomers (a-c), as well as 
densely-spaced anays consisting of particle dimers (d-f) where strong near-field coupling 
in the dimer gap region produces high field localization and enhancement (E. Hao & 
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Schatz, 2004). The diameters of the particles in the figure are 60 nm (a,d), 100 nm (b,e) 
and 140 nm (c,f) with a constant edge-to-edge separation between particles of 150 nm. 
The climer gap is 40 nm. 
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Figure 5.1 - 2: SEMs of EBL fabricated arrays on fused silica substrates of Au nano-
cylinders 60 nm (a), 100 nm (b), and 140 nm (c) in diameter with 150 nm edge-to-edge 
separations, and dimers ofnano-cylinders 60 nm (d), 100 nm (e), and 140 nm (f) with 40 
nm dimer gap and 150 nm edge-to-edge separation between dimers. 
5.1.3 PL from sparse particle arrays 
In order to investigate the role of size on emission from Au nanoparticles in the absence 
of near-field interparticle coupling, we fabricated a set of samples with a constant center-
to-center interparticle separation of 400 nm with particle diameters ranging from 60 to 
150 .nm. We refer to this set of samples as "sparse arrays". Figure 5.1-3 (a) shows the 
normalized dark-field scattering spectra from sparse arrays of Au nanoparticles with 
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diameters 60 run (red), 80 nm (green), 100 nm (blue), 120 run (magenta), and 140 run 
(black). As is well known, in this regime the scattering peak is highly controllable by the 
diameter of the particle due to the excitation of size-dependent LSP resonances. These 
results are supported by RCW A calculations shown in Figure 5.1-3 (b), for the extinction 
of a plane wave at normal incidence on an infinite periodic array of Au nanocylinders on 
a silica substrate. The colors of the curves represent the same particle diameters as in 
Figure 5.13 (a). The simulated extinction spectra show a similar scaling of the LSP 
resonances with particle size compared to the dark-field scattering experiment. The 
measured scattering spectra peak at slightly longer wavelengths than in the calculations, 
which we attribute to the differences in the excitation conditions and to the small 
variations in particle shape. 
The PL spectra from the same arrays were measured upon excitation with a 405 
run laser diode, and are reported in Figure 5.1-3 (c) normalized to the maximum PL 
intensity. We notice that by varying the diameter of the particles their emission 
wavelength and lineshape can be tuned similarly to their dark-field scattering spectra, due 
to the excitation of size-dependent LSPs by scattering of photo-excited electron-hole 
pairs. This is further illustrated in Figure 5.1-3 (d), which shows a correlation plot 
between the peak wavelengths of the dark-field scattering spectra and the PL peak 
positions. These correlation data are a clear demonstration of the critical role that 
radiative LSP decay plays in the tunability and control of PL from active metal 
nanostructures. 
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Figure 5.1 - 3: (a) Dark-field scattering spectra of sparse arrays of Au nanoparticles with 
center-to-center interparticle separation of 400 nm and particle diameters of 60 nm (red), 
80 nm (green), 100 nm (blue), 120 nm (magenta), and 140 nm (black). (b) RCWA 
calculations of the extinction of Au nano-cylinder arrays on a silica substrate with the 
same particle diameters and separation as in (a). (c) PL spectra from sparse arrays excited 
with a 405 nm laser diode. (d) Correlation plot between the peak dark-field scattering and 
PL wavelengths from the sparse arrays. 
Notice from the PL spectra in Figure 5.1-3 (c), that the emission from the 60 nm particle 
array spectrally overlaps that ofthe bulk Au film shown in Figure lb. However, for larger 
particle sizes, as the plasmon resonance shifts to longer wavelengths, a secondary peak 
emerges in the PL spectrum around 525 nm, conesponding to the wavelength of the bulk 
Au emission. These spectra are in fact the superposition of the two emission processes 
sketched in Figure 5.1-1 (a). As expected, the bulk contribution from direct electron-hole 
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recombination becomes more significant as the particle s1ze and total Au volume 
mcreases. 
Interestingly, we notice that the distinctively size-dependent behavior of the Au 
nanoparticles emission resembles quantum confinement effects in low dimensional 
semiconductor systems. However, electronic quantum-size effects in metals only occur 
for particles smaller than 2 nm due to the extremely high electron density and carrier-
phonon scattering rates (Dulkeith et al., 2004; Kreibig & Vollmer, 1995). On the other 
hand, the distinctive size-scaling observed in the PL of Au nanoparticles with sizes in 
between tens to hundreds of nanometers is uniquely driven by the excitation/annihilation 
of size-dependent LSPs, which are purely classical electromagnetic resonances. 
5.1.4 PL from densely-spaced particle arrays. 
A very different behavior is observed when the nanoparticles are positioned closer 
together. To investigate the effects of near-field plasmonic coupling on the emission 
properties of the Au nanoparticles, a second set of samples was studied with the same 
particle diameters as in the sparse arrays but with a constant edge-to-edge interparticle 
separation of 150 nm.This set of samples is referred to as "dense arrays". Figure 5.1-4 (a) 
shows the dark-field scattering spectra from dense arrays of Au nanoparticles with 
diameters 60 nm (red), 80 nm (green), 100 nm (blue), 120 nm (magenta), and 140 nm 
(black). Comparing these spectra with those in Figure 5.1-3 (a) we see a similar scaling 
of the scattering peak wavelength with particle diameter. The main difference is the width 
of the scattering resonance observed in dense arrays, which show a broader frequency 
response. Since LSPs can be classically described as Lorentzian oscillators, their 
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frequency bandwidth provides a measure of their overall decay rate, which is dominated 
by non-radiative recombinations (Sonnichsen et al., 2002). Therefore, the measured 
broadening of the scattering bandwidth of dense arrays results from increased non-
radiative LSP damping due to the onset of near-field plasmonic coupling among the 
nanoparticles (Dahmen, Schmidt, & Von Plessen, 2007). These increased losses 
accompany near-field enhancement in plasmonic nanostructures as a result of a larger 
overlap of the quasi:.static plasmon fields with the absorptive metal structures. 
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Figure 5.1 - 4: (a) Dark-field scattering and (b) PL from dense arrays of gold 
nanoparticles with diameters 60 nm (red), 80 nm (green), 100 nm (blue), 120 nm 
(magenta), and 140 nm (black) and a constant edge-to-edge interparticle separation of 
150 nm. (c) Dark field scattering and (d) PL from arrays of gold nanoparticle dimers 
with a dimer gap of 40 nm and same particle diameters and edge-to-edge inter dimer 
separation as in panels (a-b). 
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The increase in non-radiative damping greatly affects the PL from these arrays, 
despite the similar scaling of the central wavelength for the dark-field scattering. In 
particular, the PL from dense arrays, shown in Figure 5.1-4 (b), is distinctly different 
from that produced by the sparse arrays. The emission spectral peak position shifts only 
slightly and the primary effect is an inhomogeneous broadening as the particle sizes 
increase. The emission from the 60 nm particle array spectrally overlaps that of the bulk 
Au. However, as the LSP resonances of the dense arrays shift to longer wavelengths with 
increasing particle size, the LSP related PL peak, which was the dominant feature in the 
case of sparse arrays, becomes comparable in magnitude with the inefficient direct 
electron-hole recombination. 
At this point, it should be noted that even though we refer to these arrays as dense, 
the interparticle separation considered in this case is 150 nm, which is not particularly 
small compared with other studies on the effects of near-field coupling of plasmonic 
particles (ACimovic et al. , 2009a). Therefore, to strengthen our conclusions we performed 
experiments on a set ofnanoparticle dimers (Figure 5.1-2 (c-d)) where the dimer gap was 
40 nm and the edge-to-edge separation between dimers in both the lateral and horizontal 
direction was 150 nm. The dark-field scattering spectra from these arrays are shown in 
Figure 5.1-4 (c). Comparing these data to those in Figure 4a, we see that the LSP 
resonances are shifted to longer wavelengths and that their bandwidths broaden even 
further due to the increased near-field coupling and field localization that occur in such 
plasmonic particle dimers (Acimovic et al. , 2009a; E. Hao & Schatz, 2004). The PL 
spectra from these arrays, shown in Figure 5.1-4 (d), are nearly identical to those in 
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Figure 4b except that, for the largest particle size of 140 nm, the emission linewidth 
becomes dominated by the bulk due to the increase in non-radiative damping. 
5.1.5 Scaling of PL with particle separation 
In light of these results, it is important to understand how the PL efficiency scales with 
interparticle separation in planar Au particle arrays for device applications. In order to 
achieve this, we studied a final set of samples where, for fixed particles sizes, we 
systematically varied the edge-to-edge interparticle separation. Figure 5.1-5 (a) shows the 
dark-field scattering spectra from 100 nm particle arrays with interparticle separations of 
100 nm (red)~ 150 nm (green), 200 nm (blue), and 300 nm (magenta). We can observe 
that the data show little change in the scattering peak wavelength, which is expected 
because we chose the particle separations to be too small to enable long-range photonic 
grating resonances (Auguie & Barnes, 2008; Walsh et al., 2011) and too large for the 
intense near-field coupling (Su et al., 2003) to significantly shift the single particle 
resonance. As previously noticed, the primary effect on the scattering spectrum is an 
increase in bandwidth with decreasing interparticle separation due to the enhanced non-
radiative LSP decay. Extinction calculations using RCW A, shown in Figure 5b, confirm 
the relative insensitivity of the peak scattering wavelength for these interparticle 
separations (red, green, blue, and magenta), and the increased bandwidth of the LSP 
response. Additionally, the calculations performed for smaller particle separations of 50 
nm (cyan) and 25 nm (black) demonstrate the shift in the central wavelength and the 
further spectral broadening, resulting from intense near-field plasmonic coupling. The 
inset of Figure 5.1-5 (b) shows the scaling of the central extinction wavelength of the 
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LSP resonance as a function of interparticle separation. 
In Figure 5.1-5 (c) we show the PL spectra normalized per unit volume of Au 
from these arrays. The effect of particle separation on the efficiency ofLSP-enhanced PL 
is clear. For the largest interparticle separation of 300 nm (magenta), the dominant 
feature of the PL spectrum originates from the LSP radiative decay, as previously 
demonstrated in the case of sparse arrays. As the particle separation decreases to 200 nm 
(blue) and 150 nm (green), near-field plasmonic coupling begins to increase the non-
radiative LSP decay and reduces the emission intensity. Eventually, at a separation of 100 
nm (red), where near-field coupling and non-radiative decay are strongest, the emission 
from direct electron-hole recombination in Au exceeds that related to the LSP decay, 
resulting in a broad, inefficient emission spectrum. 
The total emitted power integrated under the PL spectra is plotted in Figure 5d as 
a function of interparticle separation (left axis). Also shown on the plot is the scattering 
bandwidth r scat determined from a Lorentzian fit to the dark-field scattering data in 
Figure 5.1-5 (a) (right axis) . The data in Figure 5.1-5 (d) show opposite trends with 
interparticle separation and demonstrate the critical role that non-radiative damping of 
LSP resonances play for the engineering of plasmon-enhanced PL in Au nanoparticle 
arrays. Our findings are consistent with the fact that near-field coupling between 
nanoparticles makes dark-modes accessible (J. a Fan et al., 201 0; F. Hao et al. , 2008), 
eventually leading to enhanced non-radiative losses and reduced emission efficiency. 
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Figure 5.1 - 5: (a) Dark-field scattering spectra from 100 run diameter Au naiioparticle 
arrays with edge-to-edge interparticle separation of 100 run (red), 150 nm (green), 200 
nm (blue), and 300 run (magenta). (b) RCW A calculations of the extinction of a normal 
incident planewave through arrays of Au nano-cylinders on a silica substrate with the 
same edge-to-edge interparticle separations as in (a) plus 50 run (cyan), and 25 run 
(black). The scaling of the peak extinction wavelength with interparticle separation is 
shown in the inset. (c) PL spectra from 100 run diameter Au nanoparticle arrays with 
same edge-to-edge particle separation as in (a). (d) Total emitted power integrated under 
PL spectra (circles left axis) and scattering bandwidth (triangles right axis) with linear 
trend lines, for arrays of 100 run diameter Au nanoparticles as a function of edge-to-edge 
interparticle separation. 
5.1.6 Conclusions 
In this work we have demonstrated the importance of near-field plasmonic coupling for 
the control and enhancement of PL from Au nanoparticles. We have shown that in sparse 
arrays of Au nanoparticles the PL spectrum is dominated by the radiative decay of LSP 
resonances excited by interband scattering of photo-excited d-band hole. We further 
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demonstrated that reducing the interparticle separation in the arrays increases the non-
radiative damping of the LSP resonances due to near-field coupling, limiting the 
efficiency of the plasmon-enhanced PL. Through a systematic investigation of the 
modifications in non-radiative plasmon decay rate and PL efficiency as a function of 
interparticle separation, we showed that the emission spectrum of Au nanostructures can 
be tuned and controlled by selecting particle separations sufficiently far apart to avoid the 
increased losses resulting from near-field coupling effects. These results are important for 
engineering the interplay between near-field plasmon localization and size-dependent 
plasmon-enhanced PL, and are necessary to design more efficient nanoparticle arrays for 
sensing and imaging applications. 
5.1.7 Methods 
. Periodic arrays of Au nanoparticles of various size and separations were fabricated on 
fused silica substrates by an electron beam lithography (EBL), metal evaporation, and lift 
off process. Patterns were defmed by EBL in a 180 nm spin coated film of poly( methyl 
methacrylate) 950 resist (MicroChem). Prior to patterning a 10 nm sacrificial Au layer 
was deposited on top of the resist by sputter coating for charge dissipation during EBL. 
The lithography was performed with a Zeiss SUPRA 40VP SEM equipped with a Raith 
beam blanker and NPGS nanopatterning software. After patterning, the Au layer was 
removed with a gold etchant before the sample was developed for 70 sec in a 3 to 1 
solution of 2-propanol to methyl isobutyl ketone. After an 0 2 plasma descum process, 30 
nm of Au was deposited by electron beam evaporation using a 2.5 nm Cr adhesion layer. 
Liftoff was performed in heated acetone. Samples were cleaned in RCA 1 ( 5: 1: 1 
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H 20:H20 2:NH40H) at 60° C for 10 min. All arrays are circular with a 50 J..lm diameter. 
Dark-field scattering spectra were collected using a broadband halogen lamp, 
reflection microscope, and a dark-field beam splitter. Arrays were illuminated with white 
light excitation through a 50x objective lens with 0.5 NA. The same objective was used 
for collection. The collection area was restricted to the center of the array by a spatial 
filter consisting of an iris placed at an intermediate image plane. The scattered light was 
focused into a 600 J..lm core UV -visible optical fiber coupled to a CCD spectrometer 
(Ocean Optics QE65000). Scattering was normalized to a source spectrum taken off a 
silver mirror in the same experimental setup using a bright field beam splitter instead of 
dark-field. 
PL from nanoparticle arrays was measured following illumination by a CW 405 
nm laser diode (Power Technologies) through a wide-angle excitation (>60°). The 
emitted light is collected by a 50x microscope objected with 0.5 NA. The emitted light is 
focused into a 600 J..lm core UV -visible optical fiber coupled to a CCD spectrometer 
(Ocean Optics QE65000) where the PL spectrum is measured. The specular reflection of 
the excitation beam lies outside of the acceptance angle of the objective lens , greatly 
reducing the amount collected. Any residual contribution from the laser is removed with 
a 405 nm razor' s edge long pass filter (Semrock). 
Extinction simulations were performed using RCWA, a highly efficient semi-
analytical method for solving the diffraction of periodic structures with realistic three 
dimensional shapes including substrates and curved surfaces. Similar to many methods 
used in solid state physics, RCW A gives the solution of a periodic differential equation as 
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the sum of Bloch wave functions (Moharam & Gaylord, 1981). We used the commercial 
engine GD-Calc (K. C. Johnson, 2010) which runs in MATLAB. The method returns the 
diffraction efficiencies ( Tm ,n, Rm,n) of all transmitted and reflected diffraction orders (m,n) 
upon planewave excitation. The extinction is defined as, ext = ( 1-T) which is the power 
removed from the incident direction by absorption and diffraction, when passing through 
the array. Structures such as cylinders are implemented with many thin rectangular 
elements,which can lead to staircasing errors, particularly when using extreme index 
materials such as metals. To avoid this, we have validated the method for similar 
structures against the Finite Different Time Domain method ("Lumerical Solutions, Inc.," 
n.d.). In our calculations, cylinders are constructed from 1999 non-uniformly sized 
rectangles. Diagonal truncation of the diffraction orders retained in the calculation is used, 
lml +lnl ~ M, where M is highest order retained. For each array, M was determined by a 
convergence test at the peak extinction wavelength. In all simulations the arrays were 
excited at normal incidence from the top (freespace side). The arrays were square lattices 
of cylinders 30 nm in height with diameters between 60 and 150 nm, and center-to-center 
interparticle separations between 125 and 400 nm. Particles were Au, modelled with 
realistic dispersion data (P. B. Johnson & Christy, 1972), and the substrate was silica 
modelled with a constant index of 1.46. Calculations were run in parallel on a computer 
cluster with 24 2.2 GHz AMD Opteron processors and 32GB ofDDR3 RAM. 
5.2 Plasmon Enhanced Nonlinear Photoluminescence 
In this section, we explore the effects of nanoparticle s1ze on two-photon 
photoluminescence (TPPL) from Au. TPPL is PL excited by two-photon absorption 
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(TP A), which is an third order nonlinear optical process and, as such, scales with the 
local intensity. The energy diagram for TPPL is the same as that for linear PL shown in 
Figure 5.1-1 (a) except the electron-hole pair is excited by the simultaneous absorption of 
two photons, each with half the energy of the inter-band absorption. TPPL can therefore 
occur at shorter wavelengths than the excitation. 
Figure 5.2-1 (a) shows the TPPL spectrum from an array of 150 nm Au 
nanocylinders on a fused silica substrate as various incident powers. There are three 
spectral features, two of which occur at shorter and one at longer wavelengths than the 
excitation. The first of these at 792.5 nm is marked SHG for second harmonic generation, 
which will be discussed in detail in the next chapter. The large peak in the center of the 
spectrum is the TPPL, and the less intense peak at longer wavelengths than the excitation 
is near-infrared (NIR) PL which results from intraband transitions (Beversluis et al. , 
2003). Figure 5.2-1 (b) shows the pump power dependence of the TPPL signal as well as 
the NIR PL, which is shown for the sake of comparison. As discussed in Chapter 2, the 
atomic transition rate due to TP A scales as the square of the laser intensity (R. W. Boyd, 
1992). As can be seen from the linear fits to the log-log plot, the TPPL intensity follows 
this same trend (slope of 2) confirming that it is indeed TPPL while the NIR PL scales 
linearly with pump power (slope of 1) which is shown to confirm the accuracy of the 
measurement. 
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Figure 5.2 - 1: (a) Emission spe~trum of 150 nm diameter Au nanocylinders excited at 
785 nm with various pump powers. (b) Pump power dependence ofTPPL and NIR PL. 
In order to investigate the role of size on efficiency of TPPL from Au 
nanoparticles, we studied a set of samples with a constant edge-to-edge interparticle 
separation of 150 nm with particle diameters ranging from 60 to 200 nm, and a set of 
densely packed particle dimers, strongly coupled in the near field, with same particle 
diameters, a constant dimer gap of 40 nm, and an inter dimer separation in both the 
horizontal and vertical direction of 150 nm. Figure 5.2-2 (a) shows the TPPL spectra for 
arrays of single particles with diameters that are named in the caption. The dark-field 
spectra of these arrays were previously reported in Figure 5.1-4. Figure 5.2-2 (b) shows 
the maximum TPPL signal from these arrays as a function of particle size. It can be seen 
that there is a sharp increase in the amount of TPPL generated by the arrays for a particle 
size of 150 nm. The TPPL spectra and scaling of TPPL signal with particle size for the 
arrays of dimers are shown in Figure 5.2-2 (a) and (b), respectively. These data show 
exactly the same trend as the arrays of single particle monomers with 150 nm patiicles 
producing the most TPPL signal. Additionally, we note that sparse arrays of single 
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particle monomers with a constant center-to-center spacing of 400 nm (not shown here), 
also showed the same trend. Noticing the difference between these data and the PL data 
presented in the previous section, we saw that near-field coupling in densely packed 
arrays quenched the linear emission to the point where it was no longer scalable with 
particle size, while for nonlinear emission the particle size plays a more important role in 
determining the efficiency then interparticle coupling. 
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Figure 5.2 - 2: (a) Emission spectrum of 150 nm diameter Au nanocylinders excited at 
785 nm with various pump powers. (b) Pump power dependence of TPPL and NIR PL. 
We also note that previous optimizations for surface enhanced Raman scattering 
(SERS) by members of our group found that the same particle size (150 nm) produced 
the greatest signal enhancement when excited at same wavelength, 785 nm (Gopinath, 
Boriskina, Reinhard, et al., 2009; Pasquale et al., 2011). Since SERS is known to also 
scale with the fourth power of the incident linear field, we can conclude that this particle 
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size produces the maximum near-field enharicement at the excitation wavelength 
increasing the efficiency of TP A by the Au particle. We further strengthen this claim in 
the next chapter in which we look at the effects of photonic-plasmonic coupling on 
nonlinear optical processes. 
5.3 Conclusion 
In this chapter we explored plasmon enhariced linear arid nonlinear PL from metal 
narioparticle arrays. In doing so, we developed from ari experimental arid theoretical point 
of view a consistent understariding of the photo emission process in metal narioparticle 
arrays including size arid near-field coupling effects. Additionally, we developed ari 
experimental method for measuring the total plasmon decay rate for periodic arrays of 
metal narioparticle spaced too tightly to feel the effects of long-rarige photonic-plasmonic 
coupling. This method will be utilized in Chapter 7 to characterize the enharicement of 
LSP resonarice quality-factor in laser-irradiated arrays. 
In our study of TPPL, we discover a strong size dependence on the efficiency of 
nonlinear photon emission from narioparticle arrays. This indicates that there is a size 
dependence for the maximum near-field enhancement excited in nanoparticle arrays and 
that that enhancement can be probed in the far-field by looking at nonlinear processes. In 
the next chapter, we build on these results by examining the nonlinear properties of 
diffractively coupled periodic arrays. 
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Chapter 6 
Enhanced SHG from Diffractively Coupled Au Nanoparticle Arrays 
Reprinted (adapted) with permission from G. F. Walsh, L. Dal Negro, Engineering 
Plasmon Enhanced Au Light Emission with Planar Arrays ofNanoparticles, Nano Letters, 
Manuscript ID: nl-2013-01037n. Copyright 2013 American Chemical Society. 
In this chapter, we systematically investigate the effects of Fano-type coupling between 
long-range photonic resonances and localized surface plasmons on the second harmonic 
generation from periodic arrays of Au nan:oparticles arranged in monomer and dimer 
geometries. Specifically, by scanning the wavelength of an ultrafast tunable pump laser 
over a large range, we measure the second harmonic excitation spectra of these arrays 
and demonstrate their tunability with particle size and separation. Moreover, through a 
comparison with linear optical transmission spectra, which feature asynimetric Fano-type 
lineshapes, we demonstrate that the second harmonic generation is enhanced when 
coupled photonic-plasmonic resonances of the arrays are excited at the fundamental 
pump wavelength, thus boosting the intensity of the electromagnetic near-fields. Our 
experimental results, which are supported by numerical simulations of linear optical 
transmission and near-field enhancement spectra based on the Finite Difference Time 
Domain method, demonstrate a direct correlation between the onset of Fano-type 
coupling and the enhancement of second harmonic generation in arrays of Au 
nanoparticles. Our fmdings enable the engineering of the nonlinear optical response of 
Fano-type coupled nanoparticle arrays that are relevant to a number of device 
applications in nonlinear nano-optics and plasmonics, such as on-chip frequency 
generators, modulators, switchers, and sensors. 
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6.1 Introduction 
Recently, a large number of experimental and theoretical studies have investigated the 
nonlinear optical properties of LSP resonances in isolated nanoparticles (G. Bachelier et 
al., 2010; J. Butet et al., 2010; Jeremy Butet et al., 2010, 2012; Dadap et al., 1999) and 
near-field coupled nanoparticle clusters (Canfield et al., 2007; Capretti et al., 2012; Ko et 
al., 2011; Onuta, Waegele, DuFort, Schaich, & Dragnea, 2007; Suh et al., 2012b; Wissert, 
Ilin, Siegel, Lemmer, & Eisler, 2010). These studies have focused mainly on the origin of 
the second harmonic generation (SHG) from metal nanoparticles, (G. Bachelier et al., 
2010; J. Butet et al. , 2010; Jeremy Butet et al., 2010) as well as on the importance of 
local field symmetry (Canfield et al., 2007; Onuta et al., 2007) and enhancement 
(Canfield et al. , 2007; Husu et al. , 2012; Lamprecht, Leitner, & Aussenegg, 1999) in the 
nonlinear generation process. The influence of periodicity and long-range structural 
resonances on the nonlinearities of extraordinary transmission gratings (Airola, Liu, & 
Blair, 2005; Argyropoulos, Chen, D'Aguanno, Engheta, & Alu, 2012) and similar 
systems supporting propagating surface plasmon polaritons on metal films (W. Fan et al., 
2006; Ren et al., 2011) have also been extensively investigated. However, the role of 
Fano-type coupling on the nonlinear optical properties of diffractive metal nanoparticle 
arrays with varying periodic morphology, particle sizes, and separations has not yet been 
systematically investigated or understood. 
In this chapter, we address this important problem by investigating the SHG from 
a set of systematically designed periodic planar arrays of Au nanocylinders on a fused 
silica substrate with different particle size, separation, and array morphology. Specifically, 
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by scanning the wavelength of an ultrafast Ti-Sapphire pump laser we study the second 
harmonic excitation (SH-E) spectra of the arrays and, by comparing these data with the 
measured linear transmission spectra, we demonstrate that the maximum SHG occurs 
when Fano-type photonic-plasmonic resonances are excited at the pump wavelength. Our 
findings are supported by full vector numerical calculations of the linear optical 
transmission and near-field enhancement spectra based on the Finite Difference Time 
Domain (FDTD) method, which demonstrate correlation between Fano-type coupled 
resonances, calculated near-field enhancement and experimental SHG spectra in arrays of 
Au nanoparticles. This work enables the engineering of SHG in planar photonic-
plasmonic coupled arrays that are relevant to a number of device applications such as 
nonlinear switchers, modulators, and optical sensors. 
6.2 Second Harmonic Excitation Spectroscopy 
The experimental setup utilized for the SH-E measurement is shown in Figure 6.1.1 (a). 
Laser pulses generated by a tunable mode locked Ti-Sapphire laser (Mai Tai HP, Spectra 
Physics) with a pulse duration of 100 fs and an initial duty cycle of 80 MHz which is 
reduced to 20 MHz by an electro-optic pulse picker (Conoptics 360-801), excites a 50 J.lm 
circular array from the front after being focused to a spot size of 80 J.lm by a 20 em focal 
length lens. The beam is modulated at 67Hz by a mechanical chopper with a 50% duty 
cycle and is steered with Ag mirrors, due to their flat reflectivity throughout the spectral 
range of the experiment (720-920 nm). Each mirror spreads the pulse by a factor of two, 
resulting in a temporal width of approximately 800 fs after three mirrors. A 700 nm long 
pass filter prior to the sample removes any SHG produced by the components. The SHG 
100 
is collected in transmission with a 50x, 0.5NA long working distance objective lens. The 
signal is detected with a photon multiplier tube (PMT) and a lock-in amplifier (Oriel 
Merlin) after passing through a monochromator (Cornerstone 260 114 m Triple Gratin, 
Ruled, 1200 mm·1, 500 nm Blaze,280-1600 nm Primar). The excitation beam is removed 
with a 670 nm short pass filter prior to the monochromator. The sample is aligned with an 
imaging system consisting of a reflection microscope with a CCD camera, as shown. A 
removable mirror is placed in front ofthe camera to d~ect the SHG signal to the detector. 
The time averaged excitation power is kept constant at 80 mW. We chose to keep this 
value constant instead of the photon flux to minimize inconsistences in heating effects 
between wavelengths. The SHG signal is corrected for the photon flux, detector response, 
and the reflectivity of the Ag mirrors at the SHG wavelength. 
Figure 6.2-1 (b) shows the pump power dependence of the SHG signal detected at 
400 nm for a representative array excited at 800 nm. The slope of the log-log plot 
demonstrates almost perfect quadratic scaling of the signal with the incident intensity, as 
expected for the SHG process. Figure 6.2-1 (c) shows the SH-E spectra of the three 
representative arrays whose scanning electron micrographs (SEMs) are shown in Figure 
6.2-1 (d-f). These arrays consist of Au nanocylinders 30 nm in height with particle 
diameters of 150 nm (red, d), 175 nm (green, e), and 300 nm (blue, f). They were 
fabricated on a fused silica substrate by the EBL process described in Section 5 .1. 7. It can 
be clearly observed in Figure 6.2-1 (c) that the SH-E spectra shift to longer wavelengths 
as the particle size is increased, similarly to the tunability of the linear scattering and field 
enhancement spectra that is characteristic of LSPs in Au nanoparticles. This behavior 
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already demonstrates the importance of the linear optical properties of LSPs on the 
nonlinear frequency generation process. In the next section, we will investigate in detail 
the P-ffects of long-range stmctural order on the spectral characteristics of the nonlinear 
optical response of plasmonic arrays that exhibit Fano-type coupling between LSP 
resonances and grating modes. 
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Figure 6.2 - 1: (a) Second harmonic excitation experimental setup. (b) Pump power 
dependence of SHG from a Au nanoparticle array excited at 800 nm. (c) Normalized SH-
E spectra of 150 nm (red), 175 nm (green), and 300 nm (blue) particle arrays with edge-
to-edge particle separations of 150 nm. (d-t) SEMs of periodic arrays of the Au 
nanoparticle. 150 nm (b), 175 nm (c), and 300m (d). 
6.3 Fano-Type Coupling and Second Harmonic Generation 
In order to detetmine the effect of Fano-type photonic-plasmonic coupling on the 
efficiency of SHG, we first investigated a set of planar Au nanocylinder arrays with 
varying particle diameters and grating constants. To identify the photonic-plasmonic 
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resonances, we characterized the linear transmission through these arrays usmg the 
experimental setup shown in Figure 6.3-1 (a). Collimated white light from a broadband 
halogen lamp is incident on the sample from the top and the transmission is collected 
using a long working distance 50x objective lens with 0.5NA. A spatial filter consisting 
of an iris placed in an intermediate image plane restricts the detected optical signal to 
only the area that is transmitted through the array. The signal is focused into a 600 f..!m 
core UV -visible optical fiber coupled to a CCD spectrometer (Ocean Optics QE65000). 
The measured spectra are normalized by the transmission through the substrate away 
from the arrays. 
In general, a Fano-type resonance is the result of interference between two (or 
more) coupled resonances (Fano, 1961; Joe et al. , 2006; Luk'yanchuk et al., 2010). 
Unlike the usual Breit-Wigner (i.e. , Lorentzian) lineshape formula that models each 
resonance in the absence of coupling with other scattering channels, the lineshape of the 
Fano scattering resonance is strongly dispersive and distinctly asymmetric. In particular, 
the Fano resonance lineshape is due to interference between two scattering amplitudes, 
one associated to a continuum of states and the second to a discrete (bound) state, which 
correspond in our case to the excitation of LSPs and photonic grating modes, respectively. 
The Fano resonance is the result of the interaction between a spectrally narrow and a 
spectrally broad channel, and it is modeled by the formula (Luk'yanchuk et al., 2010): 
(6.3.1) 
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where A is the amplitude of the resonance, y and w0 are the linewidth and resonance 
frequency of the narrowband resonance, and F is the Fano parameter that describes the 
asymmetry of the resonance. 
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Figure 6.3 - 1: (a) Transmission experimental setup. Collimated white light is incident on 
the sample from the top. The transmission is collected by a SOx 0.5NA objective lens 
from the back. A spatial filter consisting of an iris placed at an intermediate image plane 
restricts the collection area to only that of the array. The light is fiber coupled to a CCD 
spectrometer. (b) SEM of a representative EBL fabricated periodic array on fused silica 
substrates of Au nano-cylinders of diameter D =150 nm, and with lattice constant A • 
=400 nm. (c) Transmission spectra for arrays with D =200 nm, and A =400 nm (red), 500 
nm (green), and 600 nm (blue) which are fit to the Fano lineshape (black curves). 
In Figure 6.3 -1 (b) we show an SEM of a representative array of Au 
nanocylinders with diameter D = 150 nm and a lattice constant of A =400 nm EBL 
fabricated on a fused silica substrate. Figure 6.3-1 (c) shows measured transmission 
spectra for arrays with D =175 nm, and A =400 nm (red), 500 nm (green), and 600 nm 
(blue) along with the fit to Eq. (6.3 .1) (black curves), demonstrating the asymmetric 
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Fano-type nature of these transmission resonances. In this instance, the individual LSPs 
of Au nanoparticles form the broad background resonance, which is the same for the 
three samples since the arrays are composed of identical Au nanocylinders. Varying the 
array grating constant A shifts the resonance frequency of the grating mode relative to 
that of the LSP, strongly modulating the coupling strength and the lineshape of the 
resulting Fano resonance. When the plasmonic LSP and the photonic resonances are 
spectrally overlapped, a coupled photonic-plasmonic resonance sets in where the long-
range . structural resonance of the array boosts the coupling efficiency to the LSPs 
resulting in higher near-field enhancement values around each particle (Zou & Schatz, 
2005b). 
Now that we have established the Fano-type character of the measured resonances 
and the ability to tune them by varying particle size and grating constant A , we will 
compare the linear transmission spectra with the measured SH-E spectra for a range of 
arrays with varying nanoparticle size and separation. Figure 6.3-2 (a-c) shows the 
transmission spectra and the fits to the Farro model for arrays of particles with D = 150 
nm (a), 175 nm (b), and 200 nm (c) with A= 400nm (red), 500 nm (green), 600 nm 
(blue), and 700 nm (orange). As demonstrated in Figure 6.3-1 (c), the resonance 
wavelengths of the arrays are controlled by the choice of their lattice constants that 
results in the tunable dip observed in the linear transmission spectra. Note that A= 700 
nm was not included in Figure 6.3-1 (c) because the lattice constant is too large to 
produce a photonic-plasmonic resonance in this spectral region, as is clear from the broad 
featureless spectra in Figure 6.3-2 (a-c). With the exception of these arrays, all the spectra 
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have been fitted using the Fano lineshape formula in Eq. (6.3.1) and the fitting 
parameters can be found in Appendix A. Notice that when the grating modes falls on the 
long wavelength side of the LSP resonance, as for the blue curve in Figure 6.3-2 (c), 
strong diffractive coupling effects alter the classical Fano lineshape (Auguie & Barnes, 
2008). 
Additionally, from the transmission data shown in Figure 6.3-2 (a-c) we can 
clearly appreciate that the particle size plays an important role in determining the 
resonance wavelength of the coupled system. As can be seen by comparing the curves 
with identical colors in panels (a, b, and c), increasing the particle diameter causes the 
resonance to shift to longer wavelengths. This additional effect is the result of both a shift 
in the individual particle resonance and a retardation of the field scattered from larger 
particle that moves the wavelength of constructive interference. 
The SH-E spectra of the arrays are shown in Figure 6.3-2 (d-f) (D=150 nm (d), 
175 nm (e), 200 nm (f)). The colors correspond to the same lattice constants as in Figure 
6.3-2 (a-c). We note here that when this measurement was performed on a continuous Au 
film with the same thickness as the particles in the arrays, the SHG could not be 
distinguished from the detector noise. We notice that the SH-E spectra in Figure 6.3-2 (d-
f) feature the same trend as the linear transmission data. That is, the arrays with A= 400, 
500, and 600 nm show a clearly defined peak that is tunable with the lattice constant in 
the nonlinear regime, and that the arrays with A = 700 nm only produce a broad 
featureless SH-E spectrum. Notice that the spectra in Figure 6.3-2 (d-f) are not corrected 
for structural parameters such as particle number, or the total volume or surface area of 
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Au. Rather, they are displayed in comparable (arbitrary) units that allow us to compare 
directly the SHG intensity produced by a~ays of identical area. 
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Figure 6.3-2: Transmission (a-c) and SH-E (d-f) spectra of arrays of Au nano-cylinders 
with D= 150 nrn (a) and (d), 175 nrn (b) and (e), and 200 nrn (c) and (f) with A= 400nrn 
(red), 500 nrn (green), 600 nrn (blue), and 700 nrn (orange). SH-E spectra for arrays other 
than A= 500 nrn are multiplied by a factor of two in (d) and four in (e) for ease of 
visualization. 
The correlation between linear scattering and nonlinear SH-E spectra 
demonstrates that the SHG from Au nanoparticles is strongly boosted by the enhanced 
field intensity associated to photonic-plasmonic resonance at the excitation wavelength. 
The fact that the linear optical response of the coupled system drastically modifies its 
nonlinear behavior can be understood by considering the origin of SHG from Au 
nanopatiicles, as discussed in the next section. 
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6.4 Discussion 
Moran et al. (Moran, Sung, Hicks, Van Duyne, & Spears, 2005) performed SH-E 
spectroscopy on Ag nanoparticles at near-IR wavelengths and found that the maximum 
SHG enhancement occurred when the sample was excited at twice the wavelength (or 
half the frequency) of the LSP resonance. By comparing with transmission measurements, 
they explained that the enhanced SHG signal resulted from the LSP at the second 
harmonic wavelength, since their excitation wavelength was detuned from any resonance. 
However, in our photonic-plasmonic structures we found experimentally that the 
maximum SHG occurs when the fundamental pump beam excites a linear Fano-type 
resonance in the arrays. This behavior can be clearly understood by examining the origin 
of SHG in metal nanoparticles. 
The second order nonlinear susceptibility for metals has the form (G. Bachelier et 
al. , 2010), 
(6.4.1) 
where x <') is the linear susceptibility, £ 0 is the permittivity of freespace, e is the 
elementary charge, n0 is the number density of conduction electrons, m P is the plasma 
frequency, and A is the Rudnick-Stem parameter (Rudnick & Stem, 1971) which has 
unique values for each excitation-generation polarization set as well as for local surface 
and nonlocal bulk nonlinear sources; however, for nanoparticles all but three of these 
terms are zero (G. Bachelier et al. , 201 0). Notice, that x<2) depends only on the linear 
optical properties of the metal (described by x<l)) at the fundamental frequency and not 
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the second harmonic. The plasmon resonance of a metal nanoparticle increases the near-
field intensity of the incident electromagnetic wave inside and on the · surface of the 
particle. Through the nonlinear polarization density ~~) = XC2) £jf;m, this enhanced field 
intensity creates a source distribution at the second harmonic frequency (G. Bachelier et 
al., 2010; de Beer & Roke, 2009). The optical properties of the particle at the second 
harmonic frequency come into play only to describe the far-field radiation of the induced 
nonlinear sources. In particular, the SHG intensity will be strongly enhanced at the 
second harmonic only if an LSP resonance is excited at that wavelength boosting the 
scattering efficiency, which is the case observed by Moran et al. (Moran et al., 2005). On 
the other hand, in our experiment the second harmonic frequency is highly detuned from 
the controllable photonic-plasmonic structural resonances and lies in fact within the 
spectral region of strong interban~ absorption in Au, where plasmonic activity cannot be 
observed. Therefore in our experiment the SHG is uniquely driven by the linear local 
field at the fundamental frequency and not by the second harmonic response. As a result, 
we can rely on numerical calculations of linear scattering to design the near and far-field 
properties of our arrays, and directly compare them to the SHG experimental results. 
To that end, we performed electromagnetic calculations of the transmission and 
near-field enhancement spectra of the arrays using the FDTD method. Figure 6.4-1 (a-c) 
shows calculated transmission spectra of periodic arrays of Au nanocylinders on a silica 
substrate with D= 150 nm (a), 175 nm (b), and 200 nm (c) with A= 400nm (red), 500 
nm (green), 600 nm (blue), and 700 nm (orange). Figure 6.4-1 (d-f) shows the maximum 
intensity enhancement (field enhancement squared) calculated in the plane that cuts 
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through the center of the particles and is parallel to the substrate for the same arrays as in 
(a-c). The arrays are excit~d by a plane wave at normal incidence from the top and 
realistic tabulated dispersion data are used to model both the Au partides (P. B. Johnson 
& Christy, 1972) and silica substrate (Palik, 1985). 
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Figure 6.4 - 1: FDTD Calculations of transmission (a-c) and maximum intensity 
enhancement (d-f) spectra of arrays of Au nano-cylinders with D= 150 nm (a) and (d), 
175 nm (b) and (e), and 200 nm (c) and (f) with A= 400nm (red), 500 nm (green), 600 
nm (blue), and 700 nm (orange). 
The comparison between Figure 6.4-1 (a-c) with Figure 6.3-2 (a-c) demonstrates 
that transmission dips occur when a coupled photonic-plasmonic resonance is excited and 
that the spectral position of that resonance is largely tunable by the lattice constant of the 
array and by the particle size. Notice also that the arrays with D = 150 nm, and A= 500 
nm (a, green), and D = 200 nm, and A= 600 nm ( c, blue) feature much sharper dips in 
their transmission spectra, deviating from the Fano lineshape since the grating mode is 
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tuned to the long wavelength side of their LSP resonances, as discussed above. 
Additionally, the calculations in Figure 6.4-1 (d-f) show that the transmission dips 
correspond to peaks in the near-field enhancement spectra. These results explain the 
experimental findings reported in Figure 6.3-2 (d-f) since the coupled photonic-
plasmonic resonances strongly increase the excitation efficiency of the SHG signal driven 
by the enhanced near-field spectra. It should be noticed that the measured transmission 
dips occur at slightly longer wavelengths with respect to the calculations, which we 
attribute to the differences in the excitation conditions and to the small variations in 
particle shape. Regardless of the exact positions, the direct correlation of the transmission 
dips with the linear near-field enhancement calculations and experimental SHG 
controlled by the lattice geometry reveals a simple mechanism for designing nonlinear 
generation in photonic-plasmonic coupled Au nanoparticle arrays. SHG can be strongly 
enhanced in photonic-plasmonic arrays of resonant nanoparticles by designing long-range 
coupling such that there is spectral overlap of photonic and plasmonic resonances. 
Consistently, no enhancement of SHG was obtained by Ko et al. (Ko et al., 2011) who 
investigated a periodic array of Au bowtie nanoantennas detuned from the optimal Fano-
type coupling condition. Moreover, we notice that the nonlinear SH-E spectra directly 
transduce the spectral character of the linear near-field of the coupled arrays. Such a 
characterization technique can be used for the engineering of near-field enhancement in 
general photonic-plasmonic coupled systems for nonlinear modulation and sensing 
applications: 
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6.5 Fano-type coupling in dimer arrays 
In light of these findings, it is interesting to investigate Fano-type coupling in periodic 
arrays of nanoparticle dimers consisting of two tightly spaced nanocylinders. Strong near-
field coupling in the dimer gap region produces high field localization and enhancement 
for this isolated particle cluster (ACimovic et al. , 2009a). Additionally, as we have 
demonstrated in Section 4.3, extremely narrow diffraction resonances resulting from 
photonic-plasmonic coupling have been observed in periodic arrays of Au dimers, 
motivating the present analysis. 
Figure 6.5-1 (a) shows the SH-E spectra of an array of Au nanocylinder dimers 
(SEM shown in the inset) with A =500 nm, D =150 nm, and dimer gap separation of 40 
nm, with the excitation polarized along (red) and perpendicular to (blue) the dimer axis. 
Notice that for polarization along the dimer axis the array produces more than four times 
the SHG signal compared to perpendicular polarization at their respective peaks. Also 
notice that the SH-E spectrum peaks at longer wavelength for the polarization along the 
dimer axis, similarly to the spectral shift expected in the linear regime (Nordlander, 
Oubre, Prodan, Li, & Stockman, 2004). This behavior further demonstrates the driving 
role played by the linear near-field response on the resulting SHG properties of metallic 
nanostructures. 
Figure 6.5-1 (b) shows FDTD calculations of the maximum intensity 
enhancement for the same array ofdimers excited by a plane wave polarized long (red) 
and perpendicular to (blue) the dimer axis. Shown in the inset are near-field spatial 
distributions of the intensity enhancement around the dimer for each polarization 
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(indicated by the arrows) at their respective peak wavelengths. Notice that, as discussed 
in relation to the SH-E experiments, the linear near-field enhancement is significantly 
higher and shifted to longer wavelengths when the beam is polarized along the dimer axis · 
than when it is perpendicular. Additionally, the near-field distributions show that the 
intensity enhancement is concentrated in the dimer gap region for polarization along the 
axis and on the outer edges of the nanoparticles for perpendicular polarization. 
600 700 
Figure 6.5 - 1: (a) SH-E spectra of diffractively coupled periodic array of Au 
nanocylinder dimers (SEM shown in the inset) with D= 150 nm and A= 500 nm for 
incident polarization along (red) and perpendicular to (blue) the dimer axis. (b) FDTD 
calculation of the maximum near-field intensity enhancement for the same array as in (a) 
for polarization along (red) and perpendicular to (blue) the dimer axis. Near-field maps of 
the intensity are shown in the inset for the two polarizations (indicated by the arrows) at 
their respective spectral maxima. (c) Transmission spectrum of unpolarized light through 
periodic arrays of dimers with D = 150 run and A= 400 nm (red), 500 nm (green), 600 
nm (blue), and 700 nm (orange) and a dimer gap of 40 nm. Fits to the Fano line shape are 
also shown (black). (d) SH-E spectra of the arrays in (c) for incident polarization along 
the dimer axis. The spectra for arrays other than A= 500 nm are multiplied by a factor of 
ten for ease of visualization. 
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Figure 6.5-1 (c) shows measured transmission spectra of unpolarized light 
through periodic arrays of dimers with D = 150 nm and A= 400 nm (red), 500 nm 
(green), 600 nm (blue), and 700 nm (orange). Also shown in black are the fits to the Fano 
lineshape model. All the fitting parameters can be found in Appendix A. Notice that the 
transmission spectrum for the array with A= 600 nm (blue) has two resonances. These 
dips occur due to a superposition of the transmission for the two orthogonal polarization 
states as can be deduced by their spectral positions. The first resonance occurs at long 
wavelengths following the scaling trend of the photonic-plasmonic resonance with A . 
The second coincides with the dip in the array with A = 700 nm (orange), which 
corresponds to an isolated particle resonance owing to the fact that the grating mode is 
significantly detuned from the dimer LSP resonance. 
Finally, Figure 6.5-1 (d) shows the measured SH-E spectra of the dimer arrays for 
excitation along the dimer axis with the colors corresponding to the same lattice spacing 
as in Figure 6.5-1 (c). Note that the spectra of the arrays other than A= 500 nm (green) 
are magnified by a factor of 10 for ease of visualization. Similar to the results previously 
discussed for monomer arrays, we can clearly appreciate that also for dimer structures the 
enhancement in SHG is greatly enhanced at specific lattice constants corresponding to the 
excitation ofFano-type photonic-plasmonic coupling. 
6.6 Conclusions 
In this work we demonstrated controllability and enhancement of SHG in monomer and 
dimer arrays of Au nanoparticles through the excitation of Fano-type photonic-plasmonic 
resonances. These coupled excitations produce asymmetric dips in the linear transmission 
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spectra that fit a general Fano lineshape model. By comparing the location of these dips 
with peaks in the SH-E spectra we demonstrated that Fano-type coupling boosts SHG by 
enhancing the linear LSP excitation at the fundamental pump wavelength. Full vector 
numerical modeling using the FDTD method supports these results showing that the 
linear transmission dips characteristic of photonic-plasmonic resonances are accompanied 
by sharply peaked near-field enhancement spectra. Finally,' we demonstrate that Fano-
type coupling in periodic arrays of Au nanoparticle dimers results in optimal SHG that is 
four times more efficient when the incident polarization is along the longitudinal dimer 
axis compared to perpendicular polarization. Our findings are important for the 
engineering and the characterization of near-field coupling effects in nonlinear nano-
optics and nanoplasmonics, and could result in a number of device applications in 
nonlinear sensing and on-chip modulation. 
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Chapter 7 
Femto-Second Laser Irradiation of Au Nano-Arrays for Enhanced SHG 
In the previous chapter we explored the influence of long-range nanoparticle order on the 
second harmonic generation (SHG) from the Au nanoparticle arrays. In this chapter, we 
demonstrate a post fabrication processing technique that can be used to further enhance 
the nonlinear properties of the nanoplasmonic arrays. Specifically, by combining EBL 
fabricated nanoparticle arrays with high power laser irradiation we demonstrate a 40-fold 
enhancement in the SHG from these structures. We fmd that the improved performance is 
the result of rapid particle re-shaping that decreases surface roughness and induces 
particle asymmetries without altering the lithographically defined array structure. We 
show that this morphological change causes an increase in the LSP linear quality factor 
leading to an enhanced nonlinear response. 
7.1 Laser Irradiation 
Periodic arrays of 200 nm diameter Au nano-cylinders with a 300 nm center-to-center 
lattice constant were fabricated on a fused silica substrate by the EBL process described 
is Section 5.1.7. Samples were cleaned in RCA1 (5:1:1 H20 :H20 2:NH40H) at 60° C for 
10 min. All arrays are circular with a 50 ~-tm diameter. 
The arrays were irradiated with femto-second laser pulses using the system shown 
schematically in Figure 7.1-1. The sample is exposed with a mode locked Ti-sapphire 
laser (Mai Tai HP, Spectra Physics) with a pulse width of 100 fs and an 80 MHz 
repetition rate. The average power is controlled by a variable attenuator, which is a 
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rotatable grated partial silvered mirror (Thorlabs ), and exposure time is varied with an 
electro-optic modulator (Conoptics 360-801) controlled by a signal generator. The beam 
is focused to a 50 l-tm spot on the sample' s surface by a 20 em lens. Using an optical 
microscope with a 50x long working distance objective and an external CCD camera, the 
sample is positioned such that the array overlaps the focal spot of the laser. The sample is 
oriented with the arrays facing the laser beam, which are imaged through the transparent 
silica substrate. A scanning electron micrograph (SEM) of a representative array before 
laser irradiation is shown in the inset. The time average power before the focusing lens is 
varied from 400 mW to 750 mW producing an average irradiation intensity on the sample 
between 5.1 kW/cm2 and 9.5 kW/cm2. The exposure time was varied between 10 ms and 
4 s. 
Ti :Sapph Laser Electro-Optic Attenuator 20 em 
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Figure 7.1 -1: Laser irradiation and SHG experimental setup. 
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Figure 7.1-2 shows SEMs of the irradiated arrays. These images show that during 
the laser irradiation process the nanoparticles are reshaped into asymmetrically deformed 
droplets. No visible change is observed in the SEMs for arrays exposed to less than 7.6 
kW/cm2 for the investigated period of time. For arrays exposed to higher intensities the 
level ofdeformation qualitatively increases with laser intensity but has little dependence 
on exposure time in the investigated range. 
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Figure 7.1 - 2: SEMs of Au particle arrays after laser irradiation. Irradiation optical 
intensity is shown on the left and exposure time on the top. 
Other similar studies of femto-second laser irradiation of Au nanoparticles arrays 
have shown that rapid melting causes particles to separate from glass substrates 
(Habenicht, Olapinski, Burmeister, Leiderer, & Boneberg, 2005; Wenyu Huang, Qian, & 
El-Sayed, 2005) and that the Au aggregates to form larger particles r,:vv. Huang & El-
Sayed, 2008; Wenyu Huang et al., 2005). On the other hand, in our arrays the Au does 
not migrate out of the lithographically defined area. This may be due to the presence of 
the 2.5 run Cr adhesion layers used to anchor the Au particles to the silica substrate since 
its melting temperature is nearly 900°C greater than Au. This Cr layer can be seen in the 
SEMs in Figure 7.1-2 as the dark circles surrounding the deformed particles. As a result, 
the particles stay within their lithographically defined area, allowing us to generate arrays 
with randomly disordered particle shapes within positionally-ordered arrays. 
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Figure 7.1-3 shows profile data measured with an atomic force microscope (AFM) 
for arrays irradiated at (a) 5.1 kW/cm2 for lOms, (b) 7.6 kW/cm2 for 4s, and (c) 9.5 
kW/cm2 for 4s. Notice that the particles are initially flat on top but become more rounded 
and taller as they are irradiated at higher laser intensities. Additionally, notice that the 
surface roughness is significantly reduced by the irradiation. This reshaping has a 
significant effect on the linear and nonlinear optical properties of the arrays as discussed 
in the next section. 
Figure 7.1 - 3: AFM profiles of arrays annealed at (a) 5.1 kW/cm2 for lOms, (b) 7.6 
kW/cm2 for 4s, and (c) 9.5 kW/cm2 for 4s. 
7.2 Optical properties 
Following laser irradiation, the second harmonic generation (SHG) excited at 785 nm is 
measured for each of the exposed arrays. As shown in Figure 7.2.4, the experiment setup 
is the same as that used for laser irradiation with the addition of a removable mirror 
inserted into the optical path prior to the camera to steer the SHG signal to a spectrometer 
consisting of a photo multiplier tube (PMT), lock-in amplifier (Oriel Merlin), and 
monochromator (Cornerstone 260 1/4 m Triple Gratin, Ruled, 1200 mm-1, 500 nm Blaze, 
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280-1600 run Primar). The excitation beam is removed with a 670 nm short pass filter 
prior to the monochromator. A mechanical chopper modulates the excitation beam at 67 
Hz with a 50% duty cycle (not shov<m). A .. dditionally, the electro-optics modulator is 
synchronized with the laser output to reduce the repetition rate to 20 MHz. The time 
average power of the laser before the focusing lens is 80 mW. The time average intensity 
on the sample is 1 kW/cm2 and the peak intensity is 340 MW/cm2. 
Figure 7.2-1 (a) compares an unannealed reference sample (red) and one exposed 
with 9.5 kW/cm2 for 4s (blue). Notice that after laser irradiation there is a drastic 
enhancement in SHG from the arrays. The inset of the figure shows that the signal 
measured at 392.5 run scales with the second power of the pump which proves that it is 
indeed SHG. 
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Figure 7.2- 1: (a) Comparison of SHG spectrum from an lmexposed anay (red) with a 
laser irradiated array (blue). The inset shows the pump power dependence of the SHG 
signal. (b) SHG enhancement (normalized to an unexposed array) for different exposure 
intensities (shown in the annotation) as a function of exposure time. 
We performed a systematic investigation of SHG enhancement as a function of 
laser irradiation intensity and exposure time. These results are summarized in Figure 7.2-
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1 (b), which shows SHG for irradiation intensities of 9.5 kW/cm2 (red), 8.9 kW/cm2 
(green), 7.6 kW/cm2 (blue), 6.4 kW/cm2 (magenta), and 5.1 kW/cm2 (cyan) as a function 
of exposure time. It is observed that, similar to the scaling of deformation qualitatively 
observed from the SEMs, the laser intensity has a more significant effect than the 
exposure time on SHG. However, there is an exception for arrays exposed to the lowest 
intensity (cyan and magenta), which show a slight upward trend in SHG enhancement 
with exposure time. The enhancement seen in the arrays exposed to the highest intensity 
(red) decrease with additional exposure time before increasing back towards an 
enhancement of 40-fold. However, two additional arrays exposed at this intensity for 10 s 
and 20 s (not shown) also produced enhancements around 40-fold. We therefore believe 
that this fluctuation is a result of increased sensitivity to the laser alignment at high 
irradiation intensities. We therefore conclude that a consistent 40-fold enhancement is 
possible with optimized alignment. 
As discussed in the previous chapter, a variety of effects have been shown to 
enhance SHG in metal nanoparticle arrays including asymmetric local field distributions, 
(Canfield et al., 2007) non-centrosymmetric local order, (Husu et al., 2012) and Fano-
type coupling between structural modes and LSP resonances. In order to better 
understand the mechanisms involved in enhancing the nonlinear response of these arrays, 
we therefore characterize their linear scattering properties after irradiation using the dark-
field scattering setup described in Section 5.1.7. Figure 7.2-2 (a) shows dark-field 
scattering spectra for representative arrays exposed to for 9.5 kW/cm2 (red), 8.9 kW/cm2 
(green), 7.6 kW/cm2 (blue), 6.4 kW/cm2 (magenta), and 5.1 kW/cm2 (cyan). The inset 
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shows a close up view of two arrays exposed to the lowest intensities for ease of 
visualization. No difference was observed between 5.1 kW/cm2 (cyan) and an unannealed 
array. The linear scattering properties were found to significantly change after laser 
irradiation. Particularly, the scattering intensity increased with exposure intensity. Noting 
that the number of particles is unchanged implies that the total scattering per particle is 
enhanced. Additionally, there is a linear spectral shift towards shorter wavelengths with 
increased exposure intensity. This shift is consistent with the change in shape; as 
discussed in Chapter 5, both smaller particle size and reduced near-field coupling will 
shift the resonance to shorter wavelengths. Finally, by fitting these data to a Lorentzian 
line shape, we extract the LSP quality factor defined as Q = ro01r, where ro0 is the 
resonance frequency and r is the scattering line width (Sonnichsen et al., 2000). We find 
that Q doubles from the unexposed array to those annealed at 8.9 and 9.5 kW/cm2. Again, 
this enhancement was found to depend more strongly on exposure intensity than time. 
Even though ro0 increased with irradiation intensity, the enhancement in Q was more 
strongly influenced by the reduction of r. Since this value describes the total plasmon 
decay rate (Sonnichsen et al. , 2002; Sonnichsen et al., 2000; Walsh & Dal Negro, 2013), 
assuming no change in absorption, we can conclude that the reshaping into a smooth 
droplet reduces LSP scattering by surface roughness. The improved Q of the LSP 
increases field enhancement, which, along with particle asymmetry, boosts the nonlinear 
response of the arrays. 
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Figure 7.2 - 2: (a) Dark-field scattering spectra of arrays annealed with intensities of 9.5 
kW/cm2 (red), 8.9 kW/cm2 (green), 7.6 kW/cm2 (blue), 6.4 kW/cm2 (magenta), and 5.1 
kW/cm2 (cyan). The inset shows a close up of 6.4 kW/cm2, and 5.1 kW/cm2. (b) SH-E 
spectra of arrays annealed with the same intensities as in (a). Inset shows close up of 
lowest two intensities. 
Finally, in order to investigate the wavelength dependence of the local field 
enhancement we characterize the second harmonic excitation (SH-E) spectra of these 
arrays, as described in Section 6.2. Figure 7.2-2 (b) shows the SH-E spectra for arrays 
exposed t.o 9.5 kW/cm2 (red), 8.9 kW/cm2 (green), 7.6 kW/cm2 (blue), 6.4 kW/cm2 
(magenta), and 5.1 kW/cm2 (cyan) for 10ms. Once again, the inset shows a close up view 
of two arrays exposed to the lowest intensities for ease of visualization. Similarly to dark-
field scatting, the SH-E spectrum shifts to shorter wavelengths with increased irradiation 
intensity. Also as we saw earlier, the SHG signal increases with exposure intensity and is · 
enhanced by more than an order of magnitude for the highest exposure level. 
Interestingly, even though the dark-field scattering and SH-E spectra both shift to shorter 
wavelengths, their peaks are not identical. As discussed in Chapter 6, the linear near-field 
enhancement is the primary driving factor for SHG from Au in this spectral range, 
implying a spectral offset between the far and near-field response of the anay. 
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7.3 Conclusions 
In this chapter, we investigated the linear and nonlinear optical properties of planar arrays 
of Au nanoparticle irradiated with controlled doses of ultrafast laser radiation of varying 
intensity and time. We demonstrated that rapid reshaping of the particles creates droplets 
that remain in their lithographically defined locations, potentially due to the presence of a 
Cr adhesion layer. These droplets are asymmetrically shaped and have significantly 
reduced surface roughness compared to unexposed particles. These physical 
modifications are shown to be accompanied by a 40-fold enhancement in SHG by the 
array when excited at 785 nm. Linear optical characterization with dark-field scattering 
spectroscopy reveals that the irradiation process increases the array LSP scattering 
efficiency and quality factor while shifting its resonance to shorter wavelengths. Finally, 
the frequency response of the nonlinear generation process of these arrays was 
characterized with an SH-E experiment that showed that laser irradiation both increases 
the magnitude SHG and shifts the peak excitation to shorter wavelengths. 
These findings indicate that the induced disorder and particle reshaping caused by 
femto-second laser irradiation of Au nanostructures lead to increased near-field 
enhancement boosting optical nonlinearities. These findings have direct implications for 
the engineering of plasmonic devices for technological applications, particularly SERS 
spectroscopy and sensing. 
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Chapter 8 
Chirped and Multi-Frequency Arrays 
In Chapters 4 and 6, we discussed how diffractive or Fano-type coupling between 
localized surface plasmon (LSP) and grating modes in periodic arrays of metal 
nanoparticles produces structural photonic-plasmonic resonances that enhance their linear 
and nonlinear optical properties. In this chapter, building on these results we engineer 
multi-frequency plasmonic arrays by varying the lattice constants and particle sizes 
within the structure. Specifically, we explore chirped arrays in which the lattice spacing 
is modulated over the length of the structure providing frequency control of spatial near-
field enhancement, and antenna arrays where multiple periodic chains (i.e., with different 
lattice spacings) couple light to a single plasmonic cluster creating spectrally separated 
resonances that enhance the near-field at a single location. These structures add new 
dimensions of spatial, spectral, and polarization control over plasmonic near-field 
enhancement, which may be used for multiplexed nonlinear sensing and switching 
devices. 
8.1 Chirped Arrays 
The diffractively coupled periodic arrays discussed in Chapters 4 and 6 produce identical 
field enhancement on the surface of every metal nanoparticle in the structure over a 
narrow spectral range. Expanding on the design principles discovered in this thesis so far, 
we can alternatively engineer arrays that produce high field enhancement at specified 
spatial locations that are controlled by the excitation wavelength over a broad spectral 
range. One way to do this is by chirping the lattice constant over the length of the array 
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creating local phase matching and constructive interference of the scattered field. 
8.1.1 One-Dimensional Chirped Chains 
To implement chirped array we start with a one-dimensional periodic chain with lattice 
constant A, and spatially modulate A over the length of the array by a chirping function 
fN(n). Defining the initial and fmallattice constants as A 1 and AN respectively, and the 
number of particles N , the center-to-center spacing between the n and n -1 particle is 
(8.1.1) 
For example, a linearly chirped array has a chirping function, 
(8.1.2) 
and sinusoidally chirped array has, 
. (n-(n-1)] f N(n) = sm 2(N -1) . (8.1.3) 
This generation technique can be generalized to two-dimensional arrays by modulating 
the lattice constants with the same or different chirping functions in the vertical and 
horizontal directions. 
Following the coupled dipole formalism introduced in Chapter 4, we can develop 
an intuitive understanding of the spectral-spatial coupling properties in chirped arrays. 
Figure 8.1-1 (a) shows the imaginary part ofthe S, the dipole sum ofthe scattered field 
from Eq. 4.1.4, at the location of each particle in a chain that is linearly chirped from the 
center out, between A 1 = 400 nm and A N = 700 nm, excited at A = 400 nm (red), 500 
nm (green), 600 nm (blue), and 700 nm (magenta). Notice that the position of the 
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minimum of Im( S) moves as a function of the excitation wavelength. This trend is 
shown more clearly in Figure 8.1-1 (b), which shows the position along the chain of the 
minimum value of hn( S) as a function of wavelength. Notice that between 400 and 700 
nm the minimum moves linearly across the array. This section of the spectrum can be 
understood as a local cutoff of a continuum of first diffractive orders. Between 200 and 
400 nm the position of the minimum again moves linearly but with twice the slope as 
between 400 ·and 700 nm. This region contains the cutoffs of the second local grating 
orders. Finally, · at wavelengths above 700 nm the location of the minimum remains 
constant since only zero order diffraction exists in this range and consequently there is no 
cutoff. A similar trend exists for sinusoidally chirped chain; however, instead of a linear 
variation the positional change is slightly curved. · 
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Figure 8.1 - 1: (a) hn( S) for a particle chain with the lattice constant chirped between 
400 nm and 700 nm from the center out for A = 400 nm (red), 500 nm (green), 600 nm 
(blue), and 700 nm (magenta). Position along the chain of the minimum of hn( S) as a 
function of wavelength. 
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Figure 8.1-2 shows CDA calculation of the position of maximum near-field 
enhancement in a linearly chirped chain of 100 nm diameter Ag spheres with A1 = 400 
run to A N = 700 nm for N = 15 (black) and 100 (red). Notice the similarity of this trend 
and the spatial position of constructive interference shown in Figure 8.1-1 (b). This 
implies that, as is the case of periodic arrays, the dipole sum controls the region of near-
field localization. This type of control over the spatial location of field enhancement 
could be used for multiplexed optical sensing. For example, if you can spatially separate 
the binding of target molecules across the array, you could use these structures as a multi-
wavelength SERS substrate. 
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Figure 8.1 - 2: CDA calculation of the position of maximum field enhancement in a 
chain of 100 nm Ag particles linearly chirped from 400 to 700 nm with N = 15 (black) 
and 100 (red). 
B.1.2 Two-Dimensional Chirped Arrays 
We can extend the chains discussed above to two dimensions by applying the same or 
different lattice chirping in the orthogonal spatial direction. For example, Figure 8.1-3 (a) 
shows an array of 100 nm diameter Ag particle dimers with a 25 nm dimer gap separation 
and the lattice constant linearly chirped between 400 and 700 nm, from the center of the 
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array out in both the horizontal and vertical directions. Figure 8.1-3 (b) shows CDA 
calculations of the maximum near-field enhancement spectrum of this array for circularly 
polarized normal incidence planewave illumination along with that of an individual 
particle and an individual dimer. Notice that the enhancement is across the entire 
bandwidth of the near-field spectrum of the dimer due to diffractive coupling to the dimer 
LSP resonance. In particular, the field enhancement spectrum is composed on many sharp 
peaks as a result of the continuum of local diffraction order cutoffs. These sharp peaks 
occur primarily on the long wavelength side of the dimer LSP resonance similar to those 
of the narrow Fano-type resonances in periodic arrays discussed in Section 6.3. 
In addition to the strength of the spectrally distributed electromagnetic hot spots, 
it is also important to understand their spatial densities. In order to characterize this 
feature, we have introduced a quantitative measurement of the fraction of the total area of 
the array covered by electric field enhancement greater then a fixed threshold value, 
called the cumulative distribution of field enhancement (CDFE) (Forestiere, Miano, 
Boriskina, & Dal Negro, 2009; Forestiere, Walsh, et al., 2009; Forestiere et al., 2010). 
Figure 8.1-3 (c) shows the CDFE of the chirped array of dimers. The CDFE function 
describes the fraction of the total array area specified by the color scale, covered by 
enhanced fields with values greater than a fixed level on the vertical axis. The CDFE 
spectrum provides a quantitative measure of the spatial field distribution across the entire 
surface of the array. Notice from the figure that the fraction of the total area of the array 
covered by the maximum field enhancement or values close to the maximum is extremely 
small, between 0.01% and 0.001%. In fact, we see that the vast majority of the array area 
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has a field enhancement value not much greater than one across the entire investigated 
bandwidth. As discussed in the previous section, this is a result of the spectral-spatial 
separation of electromagnetic hot spots. Sincf; the large field enhancement resulting from 
Fano-type coupling occurs only for particles near a local cutoff of the continuum of 
diffraction orders, the hot spot locations changes within the array as a function of 
wavelength and their total area density is therefore very low. This result however, does 
not reduce the potential of these structures for device application. On the contrary, the 
level of spectral-spatial control over hot spot locations could be useful for technologies 
such as multiplexed single molecule spectroscopy, and optical trapping where particles 
could be moved along the structures by exciting with different wavelengths. 
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Figure 8.1- 3: (a) Dimer array lattice constant linearly chirped from 400 to 700 run, 100 
run particle diameter, 25 run dimer gap; (b) Maximum field enhancement versus the 
wavelength for an isolated Ag nanosphere (100 nm diameter), a dimer of Ag 
nanoparticles with a 25 nm gap, and a chirped array of dimers. (c) The color-maps show 
the cumulative distributions of field enhancement (CDFE) (logarithmic scale) versus 
wavelength (x-axis) and field-enhancement (y-axis) for a chirped array of dimers. The 
array is excited by a circularly polarized plane wave at normal incidence. 
FDTD calculations of more realistic structures show similar trends to those 
observed with CDA. Figure 8.1-4 (a) shows a calculation of the maximum intensity 
enhancement in the plane of a two-dimensional array of Au nanocylinders chirped from 
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400 run to 700 run in both directions with N = 9 on a fused silica substrate excited with a 
linear polarized planewave. The simulation is performed with periodic boundary 
conditions. Also shown are the intensity enhancement spectra for periodic arrays with A 
= 400, 500, 550, 600, and 700 run. Notice that the chirped array enhances the field over a 
large bandwidth due to the continuum of photonic-plasmonic modes, and the spectrum is 
composed on many narrow discrete resonances. A series of calculations shows that the 
number of discrete resonances increases with N. Additionally notice that the field 
enhancement of the narrowband Fano-type resonances in the periodic arrays exceeds that 
of chirped structure. This indicates an important limitation to the level that fields can be 
enhanced across a broad frequency band compared to a narrowband periodic array. As 
discussed previously, the maximum field enhancement fills a much smaller fractional 
area of the array in the chirped structure due to the spatial-spectral separation of 
constructive interference. This is illustrated in the near-field maps in Figure 8.1-4 (b-d) 
showing the field distribution in the plane of the chirped array for excitation at three 
prominent peaks in the field enhancement spectrum namely, 811 run (a), 872 (c), and 925 
(c). These show that the field is localized in three separate spatial regions for the different 
excitation wavelengths. 
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Figure 8.1 - 4: (a) FDTD calculation of the maximum intensity enhancement of a two-
dimensional array of 175 nm diameter Au nano-cylinders on a fused silica substrate. An 
array with the lattice constant linearly chirped in both directions between 400 nm and 700 
nm with N = 9 (black). Periodic arrays with lattice constants 400 nm (red), 500 nm 
(green), 550 nm (light blue), 600 nm (orange), and 700 nm (dark blue). Near field maps 
of the chirped array excited at 811 nm (a), 872 (c), and 925 (c) which are indicated with 
arrows in (a). 
In addition to the spectral-spatial separation we find that the field enhancement is 
lower in magnitude for the chirped array as compared with the optimized periodic. As 
discussed in the section on chirped chains, this effect can be understood by considering 
the dipole sum formalism for constmctive interference in two-dimensional chirped and 
IJeriodic arrays. Let Ac be the optimal interparticle spacing for photonic-plasmonic 
coupling at a particular wavelength m a periodic array. If we consider the field 
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enhancement for a single particle in a linearly chirped array where the spacing to the next 
lattice site is Ac , we see from Eq. 8.1.1 and 8.1.2 that the deviation from Ac for each 
subsequent lattice site is: 
(8.1.4) 
Therefore, in order to achieve perfect phase matching ( M = 0) it is required that N ---) rx;. 
However, from Eq. 4.1 .5 the amplitude of the propagation component of the field 
scattered by each lattice site is S ~ ( k 2r-1 - r-3 ) where r is the distance. Neglecting the 
r-3 component since it decays quickly, we see that to achieve a comparable level of 
constructive interference to a periodic array, N must be sufficiently large that M is 
small when r is small. This condition fundamentally implies sparse area coverage of the 
field enhancement. In summary, there is an inherent tradeoff between field enhancement 
bandwidth, and area coverage and array size. It is therefore essential when designing 
these structures to select the smallest possible chirping range to provide the desired 
frequency bandwidth and the largest value of N that the area of the array or the required 
field enhancement area coverage will allow. 
8.1.3 Linear and Nonlinear Characterization of Chirped Arrays 
Arrays of Au particle dimers were fabricated on fused silica substrates. An SEM of a 
representative example of these arrays is shown in Figure 8.1-5. This particular array 
consists of dimers of 150 nm diameter nanocylinders with a dimer gap of 40 nm. The 
lattice constant is chirped from 400 to 700 nm in both directions with N = 10 and the 
chirped pattern is repeated periodically. 
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Figure 8.1- 5: SEM of chirped array of dimers. The lattice constant is chirped from 400 
to 700 nm in both directions with N = 10. 
We measured the linear transmission through a set of chirped arrays with the 
experimental setup described in Section 6.2. Figure 8.1-6 (a) shows the transmission 
through arrays with the lattice constant chirped between 400 nm and 700 nm in both the 
horizontal and vertical directions for particle diameters of 150 nm (red), 175 nm (green), 
and 200 nm (blue). Also shown is the transmission of the array of 150 nm dimers shown 
in Figure 8.1-5 (orange). These spectra should be compared with those in Figure 6.3-2 (a-
c) for the periodic arrays d~monstrating Fano-type photonic-plasmonic coupling. Notice 
that the bandwidth of the chirped arrays is much greater than that of the periodic arrays. 
Also, as in the case of periodic arrays, the size of the particles influences the spectral 
region where the grating modes couples most efficiently to the LSPs as is clear from the 
shifting of the transmission dips. Designing the particle resonance correctly with respect 
to the chirping parameters creates an extremely broadband spectral response. A good 
example of this is the chirped array of dimers in Figure 8.1-6 (a), which features a 
broader spectrum than the other arrays. 
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In order to probe the spectral bandwidth of the field enhancement, we 
characterized the nonlinear response of these arrays using the second harmonic excitation 
(SH-E) spectroscopy method discussed in Section 6.2. 'The SH-E spectra of these ar.t"ays 
are shown in Figure 1.8.6 (b). These spectra should be compared to those in Figure 6.3-2 
(d-f). As in the case of the transmission spectra, the SH-E shows a much broader 
frequency response than the Fano-type coupled periodic arrays. These findings confirm 
that chirped arrays increase the near-field enhancement and therefore nonlinear 
bandwidth ofplasmonic arrays as compared to diffractively coupled periodic structures. 
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Figure 8.1 - 6: (a) Transmission through chirped arrays of Au nano-cylinders with 
diameters 150 nm (red), 175 nm (green), and 200 nm (blue). Also, the transmission of a 
chirped array of dimers of 150 nm diameter particles with a dimer gap of 40 nm (orange). 
(b) SH-E spectra ofthe arrays in (a). 
Recall from Chapter 6 that the greatest enhancement in SHG due to Fano-type 
photonic-plasmonic coupling occurred for 150 nm diameter dimers with a lattice constant 
of A = 500 nm. Chirping the lattice constant in a small range around this value should 
create a response more ideally suited for our experimental spectral range. We therefore 
fabricated a final set of samples composed of dimers linearly chirped in the direction 
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orthogonal to the dimer axes between 450 and 550 nm with a constant center-to-center 
spacing of 600 nm in the other direction. We compare these results with a periodic array 
of dimers with A = 500 nm in the direction perpendicular to the dimer axis and A = 600 
nm in the other direction. The SH-E spectra for these arrays are shown in Figure 8.1-7 for 
polarization perpendicular (a) and along (b) the dimer axis. The spectra of the periodic 
array are shown in red and the chirped array in blue. Notice that the nonlinear spectra of 
the periodic arrays have a single sharp peak. Compared with polarization along the axis, 
when the polarization is perpendicular the SH-E spectrum becomes broader and shifted 
towards longer wavelengths since the linear response is more strongly influence by the 
larger lattice constant. Additionally, ·the magnitude of the SH-E spectrum is decreased 
indicating a lower level of linear near-field enhancement. 
As expected, the nonlinear bandwidth of the chirped arrays is greatly increased 
compared with the periodic structures. For polarization perpendicular to the dimer axis 
the broadening is evenly spread around the peak for the periodic array while it is shifted 
towards longer wavelengths for polarization along the axis. This last finding is consistent 
with our earlier result that greater field enhancement occurs when diffi·active coupling is 
tuned to the long wavelength side of the LSP resonance. Notice however that the 
amplitude of the SHG is much lower for the chirped arrays than for the periodic arrays 
even though the two arrays have comparable filling fractions. This is a result of the 
spatial difference in field localization. All of the particles in the periodic array are excited 
evenly at the grating resonance wavelength. On the other hand, in the chirped arrays the 
spatial location of the maximum field enhancement moves as a function of wavelength. 
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As a result a lower number of particles feel the linear field enhancement that drives the 
nonlinear process. 
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Figure 8.1 - 7: SH-E spectra for an array of dimers with the lattice constant linearly 
chirped between 450 nm and 550 nm in the direction perpendicular to the dimer axis 
(blue), and a periodic array of dimers with a lattice constant of 500 nm in the direction 
perpendicular to the dimer axis (red). In the other direction both arrays have a lattice 
constant of 600 nm. The polarization of the excitation laser is perpendicular to the dimer 
axis (a), and along the dimer axis (b). 
8.2 Multi-Frequency Antennas 
· In this section we design a photonic-plasmonic antenna array which focuses light to a 
single subwavelength spot at multiple wavelengths, similar to structures proposed by 
Boriskina et. al. (Boriskina & Dal Negro, 2010). In our design, the resonance wavelength 
of the antenna is switched between two spectral locations by the incident state of 
polarization. This type of device could be used for multiplexed nonlinear sensing devices. 
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Figure 8.2 - 1: (a) Antenna chain designed for field enhancement at 780 nm and near-
field calculation of the field distribution in the center cluster at that wavelength. (b) Same 
as (a) designed for 860 nm. (c) Maximum near-field enhancement spectra in the four 
triangle cluster when excited in isolation (black), and integrated in the chains designed to 
resonate at 780 nm (blue) and 860 nm (red) . 
To begin, we first design two periodic chains of Au nanoparticle that diffr·actively 
coupled the incident field to a single particle cluster, which supports a strong near-field 
coupled LSP resonance. These chains are shown in Figure 8.2-1 (a-b). The particle sizes 
au and particle diameters d1,2 were optimized with FDTD to produce the maximum near-
field enhancement in the four triangle cluster at the center of the chains when excited at 
780 nm (a) and 860 nm (b) with a normally incident linearly polarized p1anewave with 
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the polarization direction indicated in the figures. Figure 8.2-1 (c) shows FDTD 
simulations of the maximum near-field enhancement spectra that occur in the particle 
cluster when excited in isolation (black), and integrated in the chains designed to resonate 
at 780 nm (blue) and 860 nm (red). The chains are excited with the polarizations shown 
in the figure, and the cluster is symmetric about both polarization directions. Notice that 
the field is resonantly enhanced at the designed wavelengths by the two chains. 
Next, we combine these tw'o chains into the single multi-wavelength nano-
antenna shown in Figure 8.2-2 (a). The optimized lattice constants and particle diameters 
are shown in the figure. Figure 8.2-2 (b) shows the optimized four-triangle particle 
cluster. Notice that in the optimization the comers of the triangle are rounded to 
approximate the actual structure. An SEM of the fabricated structure on a fused silica 
substrate is shown in Figure 8.2-2 (c) and a close-up of the four~triangle cluster is shown 
in Figure 8.2-2 (d). We fabricated two types of multi-wavelength nano-antenna arrays. 
The fust are individual antennas repeated periodically (Figure 8.2-2(a)) in a regular 100 
J...lm by 100 J...lm array spaced far enough apart to avoid coupling. In the second, the arrays 
consisted of connected antennas where the chains spanned the entire array area with a 
four-triangle cluster at every twelfth lattice site in both directions. 
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Figure 8.2- 2: (a) Designed multi-wave antenna array. (b) Four-triangle cluster at center 
of antenna array. (c) SEM of EBL fabricated antenna array. (d) Close up SEM of four-
triangle cluster. 
In order to evaluate the near-field enhancement properties of this structure we 
performed SH-E spectroscopy. Figure 8.2-3 (a-b) show FDTD simulations of the 
spatially averaged field enhancement around an individual antenna (a) calculated with 
PML boundary conditions and a connected antenna (b) calculated with periodic boundary 
conditions. The antennas were excited with the two orthogonal polarization states as 
indicated in the Figure. Notice that in both antennas, the resonance wavelength is 
controlled by the incident polarization. Figure 8.2-3 ( c-d) shows the SH-E spectra of the 
individual (c) and connected (d) antennas excited with both polarization states. Notice 
that when each antenna is excited with a polarization angle of 0° the SH-E spectrum 
peaks between 780 to 800 nm, which is consistent with the simulated average near-field 
enhancement. When they are excited at a polarization angle of 90° they once again have a 
peak at this wavelength plus a secondary resonance at 860 nm for the individual and 840 
nm for the connected antem1as. These second peaks match the designed resonance 
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wavelength for this polarization. We attribute the presence of the 800 nm resonance in 
the 90° polarization experiment to the fact that the arrays are excited with a focused laser 
beam po::;sessing a range of high k· -vector components that an; not present in the 
numerical calculations. This difference in the illumination conditions can excite the 
structural resonances at 800 nm. These data are a clear demonstration of polarization 
control over the spectral position of local field enhancement that affects the nonlinear 
properties of the array. This type of structure could be used for multi-spectrallinear and 
nonlinear spectroscopy applications. 
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polarization angle of 0° (red) and 90° (black). SH-E spectra of the individual (c) and 
connected (d) antenna arrays for polarization angle of 0° (red) and 90° (black). 
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8.3 Conclusion 
In this Chapter we demonstrated multi-wavelength nanoplasmonic arrays that create near-
field enhancement at designed locations and spectral positions within the structure. 
Specifically, we looked at chirped arrays whereby modulating the lattice constant 
throughout the array we create local constructive interference producing both broadband 
field enhancement and spatial control over the location of the field enhancement. 
Additionally, we examined multi-wavelength antenna arrays that focus the field to a 
single designed spot at multiple wavelengths switchable by the incident polarization. We 
demonstrate the spectral field-enhancement properties of both these types of structures 
using SH-E spectroscopy. These structures could be used for linear and nonlinear 
spectroscopy and switching applications. 
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Chapter 9 
Aperiodic Plasmonic Arrays 
To this point we have explored periodic arrays in which the particle s1ze and lattice 
constant are designed such that constructive interference of the scattered field spatially 
overlaps the particles causing an efficient secondary excitation of the LSP resonance by 
diffractive coupling. Building on this concept we designed arrays with multiple and 
chirped lattice constants producing multi-spectral and broadband coupling to LSP 
resonances as well as spatial control of the field enhancement. In this chapter we move a 
step further into the regime of aperiodic structures. In fact, the chirped structures we 
analyzed previously were our first look at aperiodic arrays as they contain no single unit 
cell. Now, however, we expand our scope to include any possible order of particles. 
These structures can be classified into two broad categories, deterministic aperiodic and 
stochastically optimized arrays. 
9.1 Coupling in Aperiodic System 
Before we begin our exploration of specific structures let us first discuss coupling in 
aperiodic systems. Traditionally, plasmonics has focused on enhancing the intensity of 
the incident field through engineering longitudinal near-fields and sub-wavelength 
coupling in metal nanoparticles, clusters, and arrays. Additionally, as discussed 
throughout this thesis, when the separations in a plasmonic nanostructure are comparable 
to the wavelength, long-range diffi·active coupling can enhance the plasmon excitation 
through constructive interference of the scattered field. These same mechanisms are 
present in aperiodic systems as well. Single particle resonances and near-field coupling in 
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these structures are easily understood with the same basic concepts used for periodic 
arrays. Diffractive coupling on the other hand, is less intuitive. For example, in the case 
of seemingly random structures, it may seem that the interference of the field scattered by 
the array would always sum to zero due to the random variation in phase of each of the 
contributing components, this is not the case, since this mathematical argument implies 
an average over all possible realization of a random system. On the other hand, in the 
case of a single realization of a pseudo-random or aperiodic structure, specific lattice sites 
can experience constructive interference just as they did in the chirped arrays. In fact, due 
to their complex geometries, deterministic aperiodic arrays can possess rich distributions 
of structural resonances which can localize and enhance the fields non-uniformly across 
the structure (Boriskina et al. , 2008; Trevino, Liew, et al., 2012). Therefore, long-range 
photonic-plasmonic coupling effects must always be carefully accounted for when 
engineering multi-particle arrays. 
On the other hand, when dealing with aperiodic multi-particle arrays a large 
number of spatial frequencies are available to match multiple in-plane photonic scattering 
processes, resulting in photonic-plasmonic coupling over a larger wavelength range 
compared to periodic systems. Based on this heuristic argument, we can expect that 
aperiodic arrays with a large density of spatial frequencies will feature a higher density of 
enhanced hot spots over a broader frequency range compared to similarly-sized structures 
with more regular (e.g., periodic) geometries. 
9.2 Mathematical Arrays 
In this section, we will discuss the engineering of local field-enhancement using a wide 
144 
range of complex aperiodic structure derived from two-dimensional mathematical 
generation rules. 
9.2.1 Sequences 
The first category of mathematical aperiodic arrays we will explore are produced from 
two-dimensional expansions of numerical sequences. Take, for example, the well-known 
Fibonacci sequence, which given two base elements A and B has a one-dimensional 
inflation rule: A ~ AB , B ~A , which has been generalized to two-dimensions by 
iteratively applying the one-dimensional rule along the two spatial dimensions (Luca Dal 
Negro et al., 2008). To create a photonic or plasmonic array we take a regular square 
lattice and define A as a filled and B as an unfilled lattice site. This same method can 
be applied to any sequence with a one-dimensional inflation rule. Two such sequences of 
particular interest in photonic and plasmonics are the Thue-Morse and Rudin-Shapiro. 
The Thue-Morse sequence has the inflation rule: A~ AB, B ~ BA, and the Rudin-
Shapiro is: AA ~ AAAB, AB ~ AABA , BA ~ BBAB, BB ~ BBBA. The importance of 
these three sequences is that they are the chief examples of the three categories of the 
Fourier properties in aperiodic systems. 
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Figure 9.2 - 1: (a) Periodic square lattice; (b) Reciprocal space of the square lattice 
calculated ·v ia its Fourier transform amplitude; (c) Fibonacci Array, L=l3.4f.!m; (d) 
Fibonacci reciprocal space where /). is the minimum center to center particle distance 
(/).=400nm); (e) Thue-Morse, L=12.6f.lm; (f) Thue-Morse reciprocal space where/). is the 
minimum center to center particle distance (fj.=400nm); (g) (b) Rudin-Shapiro, L =12.6 
f.lm; (h) Rudin-Shapiro reciprocal space where/). is the minimum center to center particle 
distance (fj.=400nm). 
To illustrate what this means, we show in Figure 9.2-1 (a) a two-dimensional 
periodic array of circular particles, and in Figure 9.2-1 (b) the amplitude of its two-
dimensional Fourier transform referred to as the reciprocal space. Notice, that the 
reciprocal space contains only isolated and uniformly spaced Bragg peaks of constant 
amplitude corresponding to the limited number spatial frequencies of the array. On the 
other hand, Figure 9.2-1 (c) and (d) shows a two-dimensional Fibonacci array and its 
reciprocal space respectively. Notice that the reciprocal space is once again composed of 
isolated Bragg peaks, only in this case they are irregularly spaced and of vastly different 
amplitude. This type of spatial frequency distribution is lmown as quasi-periodic, and is 
one of the three categories of Fourier propetiies of aperiodic structures . The second is 
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called singular continuous and is represented by the Thue-Morse array shown in Figure 
9.2-1 (e) with its reciprocal space in (f). Notice that the spatial frequencies cluster 
together into continuous bands with empty space in between. Finally, the last category is 
absolutely continuous which is represented by the Rudin-Shapiro array shown in Figure 
9.2-1 (g) with its reciprocal space in (h). Notice that the spatial frequencies densely fill 
the entire reciprocal space with nearly constant amplitude. In the limit on infinite array 
size this sequence approximates the Fourier properties of a random structure. 
In order to explore the optical properties of these arrays we perform numerical 
calculations using the CDA method. Figure 9.2-2 shows the maximum near-field 
enhancement, calculated in the plane, for a densely packed periodic (orange), Fibonacci 
(red), Thue-Morse (green), and Rudin-Shapiro· (blue) arrays. Also shown is the field 
enhancement of a single isolated Ag particle. The arrays consist of 100 nm Ag spheres in 
freespace, and they are scaled by holding the minimum edge-to-edge separation constant 
at 25 nm. The generation order is chosen so that all arrays have approximately 1000 
particles. To better describe the influence of both the polarization states of the incident 
field, the arrays were excited by a circularly polarized planewave at normal incidence. 
Notice that the field enhancement of each of the particle arrays is far greater than that of 
the densely packed periodic array. In fact, the field enhancement in the periodic array is 
suppressed below even below that of a single isolated particle at its LSP resonance 
wavelength. This reduced plas~onic activity is the due to the array being prevalently 
coupled in the near-field regime, with strongly reduced phase modulation across the 
plane. As seen in Chapter 5, when examining the photoluminescence of densely packed 
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arrays, the interaction plasmonic near-fields causes coupling with dark-modes accessible 
(J. a Fan et al., 2010; F. Hao et al., 2008), leading to increased losses and reduced field 
enhancement. On the other hand, due to the increased structural disorder, the 
nanoparticles in the aperiodic arrays experience both plasmonic near-field and long-range 
difft·active coupling, resulting in strong in-plane multiple light scattering. The 
simultaneous effects of multiple coupling mechanisms over many length scales results in 
increased field enhancement and localization in aperiodic plasmonic structures (Luca Dal 
Negro et al., 2008; V. M. Shalaev & Shtokman, 1987). 
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minimum center to center particle distance (~=400nm); (g) (b) Rudin-Shapiro, L =12.6 
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distance (~=400nm). 
Another advantage of aperiodic plasmonic arrays is the density of the total surface 
area covered by electromagnetic hot spots. In order to characterize the important feature, 
we use the cumulative distribution of field enhancement (CDFE) introduced in Section 
8.1.2. This value provides a quantitative measurement of the fraction of the total area of 
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the array covered by electric field enhancement greater then a fixed threshold value 
(Forestiere, Miano, et al., 2009; Forestiere, Walsh, et al., 2009; Forestiere et al., 2010). 
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Figure 9.2 - 3: The color-maps show the cumulative distributions of field enhancement 
(CDFE) (logarithmic scale) versus wavelength (x-axis) and field-enhancement (y-axis) 
for (a) Periodic, (b) Fibonacci, (c) Thue-Morse, (d) Rudin-Shapiro. The arrays consist of 
50 nm radius Ag spheres with minimum edge-to-edge separations of 25 nm. They are 
excited by a circularly polarized plane wave at normal incidence. 
Figure 9.2-3 shows the calculated CDFE spectra for the four arrays studied in 
Figure 9.2-3, namely (a) periodic, (b) Fibonacci, (c) Thue-Morse, and (d) Rudin-Shapiro 
two-:-dimensional arrays . The CDFE function describes the fraction of the total array area 
specified by the color scale, covered by enhanced fields with values greater than a fixed 
level on the vertical axis. The CDFE spectra provide a quantitative measure of the spatial 
field distribution across the entire surface of the anay. The results in Figure 9.2-3 
demonstrate the significance of the simultaneous action of the near-field and diffractive 
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coupling in aperiodic arrays. Additionally, notice from these spectra that as the 
complexity of the spatial frequency distribution increased from quasi-periodic in the 
Fibonacci, to singular continuous in the Thue-Morse, and finally to absolutely continuous 
in the Rudin-Shapiro, that the field enhancement bandwidth increases due to greater 
contribution from the wide range of frequency components. 
9.2.2 Prime Number Arrays 
Reprinted (adapted) with permission from C. Forestiere, G. F. Walsh, G. Miano, L. Dal 
Negro, Nanoplasmonics ofprime number arrays, Optics Express, Vol. 17, Issue 26, pp. 
24288-24303 (2009). Copyright 2012 Optical Society of America. 
Moving on from numerical sequences, in this section we study three arrays based on the 
distribution of prime number: the co-prime arrays, which are two-dimensional 
distributions of particles with co-prime coordinates; the prime number arrays, which are 
two-dimensional arrays of particles representing prime numbers in reading order; and the 
Ulam spirals, which consist of prime numbers arranged on a square spiral. In this study, 
we demonstrate that a defused reciprocal space with a large density of spatial frequencies 
is required to achieve plasmonic field enhancement effects over broader frequency ranges 
compared to periodic, which possess purely singular (point-like) Fourier spectra. Our 
findings demonstrate particularly fascinating concepts in plasmonic structure design with 
prime number arrays for emerging technological applications such as sensing, broadband 
solar energy harvesting, light-emission, and nanoscale nonlinearities. 
We begin our study with an introduction to the three main pnme number 
plasmonic arrays and discuss their structural and spectral (Fourier) properties. All the 
investigated arrays consist of silver (Ag) spherical nanoparticles with 100 nm diameter 
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and a 25 nm minimum edge-to-edge interparticle separation. Calculations are performed 
with the CDA method with tabulated realistic dispersion data (P. B. Johnson & Christy, 
1972). 
Figure 9.2-4 (a, e) shows the periodic square lattice of Ag nanospheres and its 
associated reciprocal space. The co-prime array is shown in Figure 9.2-4 (b), which is 
simply obtained by positioning metal nanoparticles in correspondence to each co-prime 
pair of integers in the two-dimensional plane. Recall that two integers a and b are said to 
be co-prime (a .l b) if their greatest common divisor GCD, denoted by (a,b ), equals 1 
(they have no common factors other than 1). Figure 9.2-4 (f) shows the reciprocal space 
of the co-prime array. We notice that since the array is symmetric around the 45° 
diagonal, so is the reciprocal space. Furthermore, since the reciprocal space in the 
magnitude of the Fourier transform, it also possesses a -45° diagonal symmetry axis. In 
addition, notice that in Figure 9.2-4 (b) that there are near symmetries about the 
horizontal and vertical axes, whose more complex nature is discussed in Matsui et. al 
(Matsui, Agrawal, Nahata, & V ardeny, 2007). Compared to the spectrum of the periodic 
structure shown in Figure 9.2-4 (e), the co-prime features a broader spectrum of spatial 
frequencies. In Figure 9.2-4 (c) we show the prime number array. This is built by 
arranging the first N 2 natural numbers on the rows of a N x N matrix in reading order (i.e. 
a serpentine) and by positioning Ag nanopatiicles only in correspondence of prime 
number locations. The complexity of this pattern is described by an almost uniform 
reciprocal space with no detectable symmetries, as shown in Figure 9.2-4 (g). The last 
array that we considered is the Ulam spiral shown in Figure 9.2-4 (d), which was 
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formulated in 1963 by the polish mathematician Stanislaw Ulam. This array consists of a 
lattice of natural integers positioned on a square spiral where only prime numbers are 
plotted (Stein, Ulam, & Wells, 1964). The positions of nanoparticles in the Ulam spiral 
appear correlated along the diagonal axis, which are also the only symmetry axis of the 
associated reciprocal space shown in Figure 9.2-4 (h). It is currently unknown to number 
theorists why prime numbers appear to cluster along certain diagonals of the Ulam spiral 
(Schroeder, 1985). 
Figure 9.2 - 4: Periodic and aperiodic arrays and their corresponding Fourier transform 
(logarithmic scale): (a-e) Periodic, (b-f) Coprime, (c-g) Prime, (d-h) Ulam. 
We now turn our attention to the near-field enhancement behavior of these prime 
number arrays. Figure 9.2-5 shows the calculated maximum field enhancement spectra 
for each of these structures, probed in the plane of the array when excited by a circularly 
polarized planewave at normal incidence. Also shown for comparison is the field 
enhancement of a single Ag nanosphere. As in the case of the numerical sequence arrays, 
these results clearly demonstrate the increased field enhancement achieved in aperiodic 
arrays over a broader wavelength range compared to both the single Ag particle and the 
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periodic lattice of identical (minimum) interparticle separation. It is important to notice 
that these results are obtained despite the lower filling fractions of prime number arrays, 
which allow for multiple scattering and diffractive coupling (Forestiere, Walsh, et al., 
2009). 
The results in Figure 9.2-5 can be qualitatively understood in light of the 
uncertainly principle for optical waves (Novotny & Hecht, 2006) complemented with the 
observation that plasmonic nanoparticles strongly couple at very short distances (quasi-
static regime). The uncertainty principle states that the ultimate limit to the localization of 
any wave in a given direction !:lx is uniquely dictated by the spread (uncertainty) in the 
corresponding wavevector components fl.kx, according to the well-known relation: !:lx2 
a/ fl.kx where a is a constant. It follows from this principle, if the reciprocal space of a 
plasmonic array is almost flat, a large number of spatial frequencies (wavenumbers) are 
available to match in-plane scattering processes resulting in efficient multiple scattering 
in the array plane. 
The unique interplay between near-field plasmonic coupling and long-range 
multiple scattering for prime number structures is clearly displayed in Figure 9.2-6 where 
we show the electric field spatial distribution at the wavelengths of the enhancement peak 
in Figure 9.2-5. The field distributions of the prime number and Ul~m arrays show the 
presence of well-isolated nanoparticle clusters (along the diagonals) strongly coupled in 
the quasi-static (near-field) regime. 
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Figure 9.2 - 5: Maximum field enhancement versus the wavelength for an isolated 
particle, and for Periodic, Coprime, Prime, and Ulam arrays. The arrays are excited by a 
circularly polarized plane wave at normal incidence. 
In addition, the highly inhomogeneous field distributions in Figure 5.2-6 (b-d) 
demonstrate the importance of long-range diffractive coupling (multiple scattering) 
effects in the plane of the array, which couple all the particle clusters in the aperiodic 
arrays. On the other hand, in the case of the tightly spaced periodic array (Figure 5.2-6 
(a)), the nanoparticles are prevalently coupled in the near-field regime, with strongly 
reduced phase modulation across the array plane causing overall lower field 
enhancement. However, due to the increased structural disorder and spatial frequency 
density, the nanoparticles in the aperiodic arrays are strongly coupled in both the 
plasmonic near-field and photonic diffractive regimes, resulting in strong in-plane 
multiple light scattering. The coexistence of various electromagnetic coupling regimes at 
multiple length scales is at the origin of the superior field enhancement and localization 
observed in many aperiodic plasmonic structures (Luca Dal Negro et al., 2008; V. M. 
Shalaev & Shtokman, 1987). 
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Figure 9.2 - 6: Field enhancement spatial distribution (logarithmic scale) on the plane of 
the array at the frequencies of the maximum field enhancement: (a) periodic at 580nm (b) 
Coprime at 462nm (c) Prime at 439 nm (d) Ulam at 450 nm. The arrays are excited by a 
circularly polarized plane wave at normal incidence_ 
As discussed in the previous section, another very important aspect of aperiodic 
plasmonic arrays is area coverage of electromagnetic hot spots, characterized by the 
CDFE function (Forestiere, Miano, et aL, 2009). In plasmonic sensing technology, the 
understanding of the area density of enhanced fields on a planar chip is of fundamental 
importance_ Figure 9 2-6 shows the calculated CDFE spectra for the four arrays studied 
in Figure 92-4, namely (a) periodic, (b) Co-prime, (c) Prime, and (d) the Ulam SpiraL 
Once again, the CDFE function describes the fraction of the total array area specified by 
the color scale, covered by enhanced fields with values greater than a fixed level on the 
vertical axis_ It provides a quantitative measure of the spatial field distribution across the 
entire surface of the array. In particular, we can see in Figure 9.2-7 (a) that the maximum 
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value of the field enhancement of the periodic array is roughly 10, but values of field 
enhancement larger than 6 only cover a total area of the periodic array less than ~ 0.001% . 
However, in the case of aperiodic structures (Figure 9.2··7 b-d), the values of field 
enhancement larger than 5 cover ~ 1% of the co-prime, and ~ 0.1% of the prime and Ulam 
arrays. Moreover, the highest value of field enhancement (up to 20 for co-prime, 15 for 
prime and Ulam) are strongly localized in a region ~ 0.01% of their total array areas . 
Therefore, based on our analysis we conclude that aperiodic arrays with large spectral 
flatness and particle filling fraction values give rise to strongly enhanced field states over 
larger array areas compared to periodic plasmonic structures. 
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Figure 9.2 - 7: The color-maps show the cumulative distributions of field enhancement 
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9.2.3 Spectral Flatness and Filling Fraction 
In the previous two sections, we demonstrated the importance of dense and diffuse spatial 
frequency distributions for engineering field enhancement and hot spot density through 
long-range photonic-plasmonic coupling in aperiodic metal nanostructures. It is therefore 
useful to quantify the level of disorder in the reciprocal space of these arrays. To do . so, 
we borrow from the field of digital signal processing, a parameter called spectral flatness 
(SF) (Johnston, 1988). This quantity measures how multiband or spectrally diffuse a 
signal is. In the case of two-dimensional plasmonic arrays, the structures are represented 
as digitized spatial signals and the SF is calculated by dividing the geometric mean and 
the arithmetic mean of their power spectra or reciprocal space. That is, 
(8.1.5) 
where s(n) is the value of the spatial signal (array) in bin n , N is the total number of 
bins in the array, and FT[ ] is the discrete Fourier transform. For a signal with a 
completely flat power spectrum, the geometric mean will equal the arithmetic mean 
causing SF to be one, indicating that there is equal power in every frequency band. If 
there are frequencies with zero power, the geometric mean will be zero and so will the 
SF , indicating that the signal is perfectly band limited. 
However, not all the spatial frequencies in the Fourier spectral bandwidth will 
produce plasmon localization and enhancement effects. In fact, plasmon waves couple 
very strongly only in the near-field regime at very short distances, so a close nanoparticle 
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packing is therefore also needed to achieve high values of field enhancement. As a result, 
the aperiodic structures that possess both large SF and nanopru1icle filling fraction ( FF) 
will result in strong plasmonic scattering and near-field plasmonic localization. In order 
to validate this physically intuitive guiding principle, we have defined a figure of merit 
consisting of the SF - FF product, which we have calculated for the arrays discussed in 
this chapter so far plus some additional aperiodic arrays, namely the Galois Field and 
Gaussian Prime, the details of which can be found elsewhere (Lee, Walsh, & Dal Negro, 
2013). In Figure 9.2-8 we plot the maximum field enhancement calculated with CDA for 
arrays of approximately 1000 Ag sphere 100 nm in diameter, for various minimum-
interparticle separations, namely 10 nm (a), 25 nm (b), and 50 nm (c). Note that the value 
of the SF- FF product changes non-uniformly with minimum separation for the various 
arrays due to the fact that they have different particle densities. Interestingly, despite the 
rearrangement of the order of the arrays with respect to SF - FF product, this parameter 
still orders them in terms of their maximum field enhancement, with a larger SF - FF 
product indicating larger field enhancement at all separations. This result demonstrates 
the importance of the unique combination of large structural disorder and high particle 
filling fraction for engineering electromagnetic field enhancement in plasmonic arrays. 
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9.2.4 Conclusions 
In this section, we have investigated the near-field plasmonic behavior of aperiodic arrays 
of Ag nanoparticles based on numerical sequences and the distribution of prime numbers. 
In particular, we have demonstrated that the engineering of compact arrays with large 
spectral flatness is necessary to achieve a high density of electromagnetic hot spots 
distributed over a broader frequency range and a larger array area compared to densely 
packed periodic structures. The understanding of strongly coupled plasmonic arrays with 
large spectral flatness can result in the demonstration of novel nanoplasmonics elements 
such as nano-antenna arrays, active plasmonic structures and broadband-enhanced solar 
cells. 
9.3 Optimized Arrays 
Reprinted (adapted) with permission from C. Forestiere, M. Donelli, G. F. Walsh, E. Zeni, 
G. Miano, L. Dal Negro, Particle-swarm optimization of broadband nanoplasmonic 
arrays, Optics Letters, Vol. 35, Issue 2, pp. 133-135 (2010). Copyright 2010 Optical 
Society of America. 
To this point, our study of aperiodic structures has leveraged the optical properties that 
naturally emerge from numerical sequences. In this section we employ a stochastic 
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optimization tool to design plasmonic structures for broadband field-enhancement. 
Specifically, using the Particle Swarm Optimization (PSO) algorithm, an evolutionary 
computational technique, we design metal nanoparticle arrays that produce broadband 
plasmonic field enhancement over the entire visible spectrum. The resulting structures 
tum out to be aperiodic, and feature dense Fourier spectra with many closely packed 
particle clusters. We conclude that broadband field enhancement effects in 
nanoplasmonics can be achieved by engineering aperiodic arrays with a large number of 
spatial frequencies that provide the necessary interplay between long-range diffractive 
interactions at multiple length scales and near-field quasi-static coupling within small 
nanoparticle clusters. 
9.3.1 Introduction 
Until now, the effort to design field enhancement in plasmonic nanostructures has largely 
focused on the study of periodic and deterministic aperiodic (DA) arrays. Here we 
propose an alternative design strategy based on the application of the Particle Swarming 
Optimization (PSO) algorithm. This method, developed by Kennedy and Eberhart 
(Kennedy & Eberhart, 1995) is an evolutionary optimization tool inspired by the social 
behavior of groups of insects and animals such as swarms of bees, flocks of birds, and 
shoals of fish. In a PSO system, a swarm of W trial solutions, called particles, fly arotmd 
the multidimensional solution space trying to improve their positions based on 
knowledge of their own previous best performance and that of the entire swarm. PSO is 
widely used to optimize RF antenna array properties (Donelli, Azaro, Natale, Member, & 
Massa, 2006), and has been applied in photonics to design diffraction grating filters 
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(Shokooh-Saremi & Magnusson, 2007). The growing interest in PSO is due to its ability 
to avoid local maxima, which is the main disadvantage of deterministic method (Holland, 
1989), and to overcome stagnation problems, which occurs in Genetic Algorithms when 
there is a lack of genetic diversity. In addition, PSO can be more easily implemented than 
other evolutionary algorithms since it requires the tuning of few parameters. 
In this study, a binary version of the algorithm BPSO (Thors, Steyskal, & Holter, 
2005) has been used to design arrays of plasmonic nanospheres in order to the achieve 
broadband field enhancement spanning over the 400nm-900nm spectral range. 
9.3.2 Particle Swarm Optimized Arrays 
In this section, we describe the BPSO, which we will combine with the CDA method to 
optimize the array positions ofAg and Au nanoparticles. In BPSO, a swarm consists of a 
set w = 1, .... ,W of NxN binary matrices (particles), whose bits (m=l...N2) control the 
presence or the absence of a nanosphere in the array. A position and a velocity vector 
( f}_w, ~w) are associated to each particle of the swarm. In particular, ~w models the 
capacity of the particle to fly, at iteration k, from a given position in the solution space 
f}_k w to another f}_k+t w. The positions and velocities of the W particles in the swarm are 
initialized by a random number generator. How well a trial solution solves the problem is 
determined by the evaluation of a suitable cost parameter, called the fitness function (F). 
At each iteration, the position and velocity vectors of each particle are updated by the 
action of a force attracting them toward both their own previous best positions B pb and 
that of the entire swarm Bgb, i.e.: 
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(8.2.1) 
where f3 is the inertia factor, C1, and C2 are constants called cognition and social 
acceleration, p 1 , and p 2 are two randomly generated positive numbers between 0 and 1. 
The particle's position is then updated considering the following relation, 
{
1, 
e:,m = 
0, 
if 1 l <-----1 + exp(-v ;,n,) 
otherwise 
(8.2.2) 
and the velocity clipping boundary condition (Shokooh-Saremi & Magnusson, 2007), 
{ 
v max' if v;., > vmax 
v;,m = -V max, if v;,m < -V max 
v;,m, otherwise 
(8.2.3) 
If the maximum number of iterations is reached, or if the fitness of the best particle is 
within a predefmed tolerance, the optimization process is stopped and the solution has 
been reached. 
Using the BPSO, we thinned two 55x55 element square arrays of 100 nm 
diameter metal nanospheres (gold and silver) with 25 nm edge-to-edge separation. The 
number of particles in the swarm (W) was 5, the inertia weight was held constant at 0.4, 
and the cognitive and social rates were both 2.0. It is worth noting that the considered 
population, composed of only five agents completely randomly generated, is very low 
considering the number of unknowns. The size of population was forced so low in order 
to keep the computational burden to a sustainable level. We aimed to fmd an array 
geometry that achieves high field enhancement spanning the entire visible spectrum when 
the structure is illuminated by a circularly polarized plane wave at normal incidence with 
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unitary field intensity. Therefore, a multi objective fitness function was defined as a 
uniformly weighted sum of the maximum field enhancement in the array plane, as 
calculated by the CDA code, at 50 equispaced frequencies between 400 and 900 nm, 
namely, 
F= ~5° FE (A- ) L....M=l MAX 'M (8.2.4) 
In Figure 9.3-1, we show the evolution of the fitness function versus the number of 
iterations for gold and silver nanoparticle arrays. Notice that after only ten iterations the 
FF has nearly reached a satisfactory value, and the best F value is ultimately achieved 
after 60 steps. The optimization process was stopped after one hundred iterations. 
iteration 
Figure 9.3 - 1: Fitness Function versus number of BPSO iterations for gold (triangles) 
and silver (circles) nanoparticle array optimization. 
It was found that, in the optimized gold nanoparticle array, shown in Figure 9.3-2 
(a), 52% of the allowed positions are occupied and are arranged in a seemingly random 
distribution as confirmed by the magnitude of its Fourier transform, reported in Figure 
9.3-2 (a). As discussed in Section 9.2, the degree of structural complexity of plasmonic 
arrays can be quantified by the spectral flatness (SF). The SF of the optimized Au array 
was found to be 0.81, while a completely filled array would be 0.0004. 
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Figure 9.3 - 2: (a) Geometry of the optimized gold nanoparticle array. The resulting 
lattice is made up of 1562 nanoparticles, featuring a particle density of 33!-lm-2. (b) 
Magnitude of the Fourier transform of the optimized gold nanoparticle array (log scale). 
The central peak and the cross in the middle of the Fourier space result from the square 
symmetry of finite size array. 
Figure 9.3-3 shows the maximum field enhancement spectra of the optimized array 
for Au (a) and Ag (b) nanoparticle arrays. The maximum field enhancement across the 
whole interval 400-900 nm is 18.9 and 35.9 respectively, occurring at 650 and 500 nm; 
while the spectral bandwidth, defined as the width of the frequency range, in nanometers, 
for which the field enhancement is above 37% (1/e) of its maximum value, is 275 and 
180 nm. Analogous to the behavior observed so far in this chapter, the large field 
enhancements observed here are due to the interplay of long-range photonic interactions 
with strong near field plasmonic coupling. Due to the large number of spatial frequencies 
in the optimized aperiodic array, local nanoparticle clusters are inhomogeneously 
distributed and photonic gratings modes can be excited at many different wavelengths, 
giving rise to enhancement effects over a broad spectral range. Additionally, since 
plasmon waves couple strongly only in the near-field regime at very short distances, 
closely packed clusters are also needed in order to achieve high field enhancement. Our 
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optimized Au and Ag arrays have a particle density of 34!-.tm-2 and 33 ~-.~m-2 respectively, 
which can be compared to the aperiodic arrays reported in Section 9.2. 
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Figure 9.3- 3: Maximum field enhancement lEI spectra of the optimized arrays of gold (a) 
and silver (b) nanoparticles, illuminated, at normal incidence, by a circularly polarized 
plane wave ofunitary intensity. 
In summary, we have applied a BPSO algorithm to optimize plasmonic 
nanoparticle arrays for broadband field enhancement in the visible spectral range. We 
found that a large number of spatial frequencies is needed in order to provide the 
necessary interplay between long-range diffractive interactions at multiple length scales 
and near-field quasi-static coupling within small nanopmiicle clusters. This approach 
may be utilized to design plasmonic structures for applications such as Surface Enhanced 
Raman Scattering (SERS), broadband radiative rate enhancement, solar cells, and label-
free optical biosensors. 
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Chapter 10 
Photonic-Piasmonic Coupling in Deterministic Aperiodic Au Nanoparticle Arrays 
We demonstrate the existence of Fano-type coupled photon-plasmonic resonances in 
planar aperiodic plasmonic nanostrucutres using spectroscopic ellipsometry to measure 
the phase and depolarization of reflected light for varying excitation angles. Through 
comparison with a periodic array of dimers, we show that 360° phase jumps that indicate 
coupling between structural resonances and plasmon modes exist in two representative 
aperiodic arrays. We find that, unlike in periodic structures, these resonances do not shift 
monotonically to longer wavelengths for increased excitation angles. Our results are 
supported by analytical scattering calculations based on the coupled dipole method for 
aperiodic arrays and numerical diffraction theory using the rigorous coupled wave 
analysis method for periodic structures. With these numerical tools, we show that the 
excitation of these resonances produces near-field enhancement and localization. 
10.1 Introduction 
As discussed in Chapters 4 and 6, periodic arrays of metal nanoparticles demonstrated 
coupled photonic-plasmonic resonances of structural grating modes and localized surface 
plasmons (LSPs). These coupled excitations feature narrow asymmetric fano-type line 
shapes and enhanced field localization, making them ideally suited for plasmonic sensing 
applications (Adato et al., 2009; V. G. Kravets et al., 2010b). Additionally; it has been 
shown that a variety of other of structures demonstrate photonic-plasmonic coupling 
indicating the general nature of engineering spectral lineshape and field localization 
through structural design in metal nanoparticle arrays (Forestiere, Walsh, et al. , 2009; 
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Forestiere et al., 2010, 2012; Gopinath et al. , 2008; Pasquale et al. , 2011). As discussed in 
the previous chapter, a particularly interesting class of these designs is deterministic 
aperiodic nanostructures (DANS). Unlike periodic systems, these structures lack 
translational invariance arising from their generation rules rooted in symbolic dynamics, 
prime number theory, L-systems, and geometric matching rules. This produces intricate 
spatial frequency distributions leading to complex scattering and diffraction properties 
(Luca Dal Negro et al., 2012; Gopinath et al., 2008 ; Lawrence et al. , 2012; Lee et al., 
2010, 2011 ; Trevino et al., 2011). Additionally, due to their complex geometries these 
arrays possess rich distributions of structural resonances which can localize and enhance 
the fields non-uniformly across the structure (Boriskina et al., 2008 ; Trevino, Liew, et al., 
2012). However, most studies of these systems have relied on optical characterization 
using dark-field scattering spectroscopy with angularly broad excitation and collection 
that is sensitive only to scattering intensity, making it impossible to detect unique 
structural modes. In this chapter, by using spectroscopic ellipsometry to examine the 
phase while selectively exciting and collecting over an extremely limited angular range, 
we demonstrate the presence of Fano-type coupling between individual structural 
resonances and LSPs in these complex arrays. Similar to restricted k-vector dark-field 
scattering spectroscopy techniques used in recent works to study modal properties of 
single and near-field coupled metal nanoparticles (J. a Fan et al., 2012; Knight et al., 
201 0), the angularly selective excitation and collection of spectroscopic ellipsometry 
greatly improves the sensitivity to specific structural resonances . 
It has long been known that anomalies in the reflection intensity from metal 
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gratings occur when diffraction orders pass their cutoff condition, transitioning from 
propagating to evanescent waves (Fano, 1941 ). In 1965, Hessel and Oliner (Hessel & 
Oliner, 1965) reported an analytic solution for the complex amplitude of all diffractive 
orders in this process, which showed that the complex s and p reflectance coefficients go 
through a 360° dephasing with respect to each other when an anomaly occurs, and that 
the two are exactly 180° out of phase at the cutoff. In one of the first observations of 
photonic-plasmonic resonances in periodic ~mays of metal nanoparticles, Kravets et al. 
(V. Kravets et al. , 2008) used spectroscopic ellipsometry to examine the relative 
magnitude and phase of the reflected light at the cutoff and found similar 360° phase 
jumps. They also noticed that the reflected intensity was suppressed due to increased 
coupling of the incident field with LSP resonances when the grating resonance was 
excited. These observations, along with sharp and asymmetric modifications of the LSP 
line shapes reported by others (Auguie & Barnes, 2008; Chu et al., 2008; Hicks et al. , 
2005), confirmed the theoretically predicted existence of these coupled resonances. 
Additionally, we recently demonstrated that the excitation of these resonances greatly 
alters and enhances the nonlinear generation properties of Au, as discussed in Chapter 6. 
In this work, we explore in a combined experimental and theoretical context 
Fano-type photonic-plasmonic coupling in DANS and demonstrate that specific structural 
resonance can be excited and detected using spectroscopic ellipsometry to examine the 
phase of the reflected light. By comparison of our results with those of a much less 
complex periodic array of Au nanoparticle dimers, we are able to prove the existence of 
these resonances. Our results are supported by rigorous numerical calculations. The near 
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and far-field properties of the periodic array are solved exactly using the rigorous coupled 
wave analysis (RCWA) method (K. C. Johnson, 2010; Moharam & Gaylord, 1981), 
while a representative approximate solution is obtained for the aperiodic structures using 
the coupled dipole approximation (CDA) method (Forestiere, Miano, et al., 2009) that is 
capable of handling the hundreds of discrete particles required to accurately represent the 
more complex structures. 
Specifically, in this work we consider two representative examples of 
deterministic aperiodic structures with vastly different generation rules and spatial 
frequency distributions. Namely, the golden angle (GA) spiral in which spatial 
frequencies are concentrated in a ring in the reciprocal space, above a low non-zero 
background (Trevino et al., 2011), and the two-dimensional Rudin-Shapiro an-ay whose 
spatial frequency distribution is absolutely continuous, approximating that of a random 
system (Luca Dal Negro et al. , 2008). We compare our results from these structures with 
those of periodic an-ays of dimers for which these resonances have previously been 
extensively explored (V. Kravets et al., 2008; Walsh et al., 2011). An example of such a 
periodic an-ay is shown in Figure 1.1-1 (a), with a particle diameter of 120 nrn, a dimer 
gap separation of 20 nm, and a lattice constant of 320 nm in the horizontal direction. 
Dimers are used to simultaneously take advantage of both diffractive and near-field 
coupling in the subwavelength gap which further boosts field localization and 
enhancement (ACimovic, Kreuzer, Gonzalez, & Quidant, 2009b; Walsh et al., 2011). 
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Figure 10.1 - 1: (a) Periodic array of dimers consisting of 120 nm particle with a dimer 
gap of 20 nm and a lattice spacing of 320 nm. (b) GA Spiral arrays of dimers with same 
diameter and gap and average ftrst neighbor spacing of 320 nm between spiral lattice 
points. (c) Rudin-Shapiro array with same particle diameter and 20 nm minimum edge-
to-edge separation. SEMs of EBL fabricated Au nano-cylinder arrays on silica substrates. 
(d) Periodic array of dimers, (e) GA Spiral arrays of dimers, (f) Rudin-Shapiro. Nano-
cylinders are 30 nm tall and 120 nm in diameter. 
The GA Spiral array is a spatial case of the set of Vogel's Spirals and has 
previously been extensively explored for photonic (Lawrence et al., 2012; Trevino, Liew, 
et al., 2012) and plasmonic (Trevino et al., 2011; Trevino, Forestiere, et al., 2012) 
applications. Starting from the origin, the polar coordinate of the n1" lattice point is 
B = na , where a= 2tr/t/J is the "golden angle", and tjJ = (1+5112 )/2 is the "golden ratio". 
The corresponding radial coordinate is r = aJ;;, where a is the scaling factor which 
controls the spacing and therefore diffractive properties of the array. For this study we 
have selected a scaling factor a= 1.87 which gives an average nearest neighbour spacing 
of 320 nm, same as the lattice constant in the periodic array of dimers. Similar to the 
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periodic array, this structure produces a desirable distribution of spatial frequencies for 
engineering the dif:fractive but not near-field coupling properties of the array .. Therefore, 
we replace each lattice site with a patiicle dimer as shown in Figure 1.1-1 (b). We refer to 
this array as a spiral array of dimers. 
The Rudin-Shapiro array, alternatively, 1s generated by a two-dimensional 
generalization of a one-dimensional iterative two-letter inflation rule as discussed in the 
previous chapter. This structure has a broad range of incommensurate length scales 
producing a continuous distribution of spatial frequencies. As a result, there is little 
dependence of the diffractive properties of the array on the choice of spacing. We 
therefore scale the structure by choosing a pm·ticle size and minimum edge-to-edge 
interparticle spacing which will produce the desired near-field plasmonic coupling and 
field localization. We choose 120 nm particles with a minimum edge-to-edge separation 
of 20 nm in this study to be comparable with the other arrays. This array is shown in 
Figure 1.1-1 (c). 
These structures consist of Au nano-cylinders on a fused silica substrate and are 
fabricated with the electron beam lithography (EBL) process described in Section 5 .1. 7. 
The particles are 30 nm in height with a 2.5 nm Cr adhesion layer. Each array is 
apertured to be circular with a diameter of 200 !J-m. Scanning electron micrographs 
(SEMs) ofthese arrays are shown in Figure 1.1-1 (d-f). 
10.2 Diffractive Photonic-Plasmonic Coupling in Aperiodic Arrays 
In this section, we present a general theory of long-range structural resonances based on 
the relation between the spatial frequencies of diffracted waves and those of an arbitrary 
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structure. We use this model to understand photonic-plasmonic coupling in complex 
aperiodic systems. 
As discussed in Chapter 4, diffraction by planar plasmonic nanoparticle arrays 
with separations comparable to the wavelength A can be accurately described using scalar 
Fourier optics (Gopinath et al., 2008; Trevino et al., 2011; Walsh et al., 2011). After 
interaction with the array, the longitudinal component ofthe diffracted wavevectors is, 
(10.2.1) 
where Vx and Vy are the spatial frequencies of the wave's complex amplitude at the 
grating surface. When v; + v; >A_, the diffraction is cut off and does not propagate to 
the far-field. However, exactly at kz = 0, known as the Rayleigh cutoff condition, the 
wave is diffracted into the plane ofthe structure, and Eq. (10.2.1) becomes 
(10.2.2) 
which is the equation of a circle in reciprocal space of radius A. It has been shown that, 
when this condition is met, there is constructive interference between the diffracted wave 
and the LSP resonances of the metal nanoparticles resulting in an anomalous diffraction 
effect known as the Wood's anomaly. Recently, the Wood's anomaly has been studied in 
periodic array of plasmonic particles and particle clusters, and has been demonstrated to 
increase near-field intensity enhancement over extremely narrow spectral ranges (Walsh 
et al., 2011). It should be noted that the scalar Fourier optics treatment is equivalent to 
multiple scattering theory used by other studies of the photonic-plasmonic coupling 
(Auguie & Barnes, ~008; Markel, 2005), which can be easily shown within the single 
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dipole approximation. The current treatment, however, offers the advantage of 
visualization of the spatial frequencies of the incident field and array . 
. At an oblique angle of incidence B;, as shown in Figure 1.2-1 (a), the Rayleigh 
cutoff condition described by Eq. (10.2.2) is shifted relative to the center of the reciprocal 
space of the array by an amount proportional to sin B;. In the case of a periodic grating 
with lattice constant A, the Rayleigh cutoff condition becomes Eq. ( 4.1.17). 
As we have demonstrated in Chapter 4, by changing the angle of incidence, we 
can tune the inplane coupling condition, to spectrally overlap with the LSP resonance of 
metal nanoparticles and particle dimers in periodic arrays. Figure 1.2-1 (b) shows the 
reciprocal space of the periodic array of dimers from Figure 1.1-1 (a), along with a blue 
circle representing the Rayleigh cutoff from Eq. (10.2.2), for a particular wavelength, at 
normal incidence. The shift in the coupling condition produced by oblique incidence, as 
described by Eq. (4.1.17) is shown in red. The offset produced by this particular angle 
causes the cutoff to spectrally overlap with the first Bragg peak in the array's reciprocal 
space, causing a Wood's anomaly to occur. If this anomaly also spectrally overlaps with 
an LSP, there is increased radiative coupling to that resonance, producing significant field 
enhancement and localization (Walsh et al., 2011). 
Diffractive interactions in plasmonic arrays, as described by Eq. (10.2.2), are 
general and do not require periodicity. In fact, similar scalar Fourier optics treatments 
have been used in systems of DANS to describe enhanced solar cell absorption and 
isotropic extraction of guided modes (Lawrence et al., 2012; Trevino, Forestiere, et al., 
2012). We therefore can apply the condition ofEq. (10.2.2) for diffractive coupling to the 
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reciprocal space of any plasmonic structures including the spiral and Rudin-Shapiro 
arrays. 
(a) 
·1 0 -1 0 -1 0 
" , (1/.\) 
Figure 10.2 - 1: (a) Sketch of spectroscopic ellipsometry experiment. The array is 
excited at an angle of incidence S0 and the polarization state of the scattered light is 
measured at Ss = S0. (b) Reciprocal space of the periodic array of dimers. The blue circle 
is Rayleigh cutoff at normal incidence for A. = 600 nm. The red circle is the cutoff at Ss = 
80°. (c) Reciprocal space of the spiral array of dimers. (d) Reciprocal space of the Rudin-
Shapiro array. The circles in (c) and (d) are the same as in (a). The spatial frequencies of 
(b-d) are normalized to 1/A where A= 320 nm. 
The reciprocal space of the spiral array of dirners (Figure 1.1-1 (b)) is shown in 
Figure 1.2-1 (c). As previously mentioned, instead of isolated Bragg peaks, the reciprocal 
space of this array features a ring in which a large portion of its spatial frequencies reside. 
Similarly to the periodic structure, changing the angle of incidence moves the coupling 
condition to the point where it overlaps the spatial frequencies of the ring. However, 
unlike the Bragg peaks in the reciprocal space of the periodic array, the spiral's ring 
corresponds to a dense distribution of structural resonances. By carefully controlling the 
174 
excitation and collection directions, we can therefore selectively excite a wide range of 
structural modes. 
Finally, the reciprocal space of the Rudin-Shapiro array is shown in Figure 1.2-1 
(d). This array has an absolutely continuous distribution of spatial frequencies that 
approximates a random structure. As a result, the variation in its reciprocal space is 
extremely small and therefore, variations in the angle of incidence do not cause a 
significant change in the spatial frequencies overlapping the coupling condition. However, 
as in the case of the spiral, the spatial frequencies encode a rich distribution of structural 
resonances and which can be independently excited. 
10.3 Photonic-Plasmonic Coupling in Periodic Arrays 
As described in Chapter 4, Fano-type coupling between LSP resonances and long-range 
grating modes can be experimentally characterized using spectroscopic ellipsometry. 
Figure 10.3-1 (a) shows 11, the phase delay between the s and p reflectance coefficients, 
for the periodic array of dimers shown in the Figure 1.1-1 (d), excited at an angle of 
incidence of B; =50° (red), 60° (green), and 70° (orange). In our experimental 
configuration, we use a Woollams V-VASE spectroscopic ellipsometer with focusing 
probes on the excitation on collection arms that produces an excitation spot of 200 !J-ill 
with an angular spread to +/- 2°. Figure 10.3-1 (b) shows an RCWA calculation of the 
same experiment plus an additional excitation angle of B; =40° (blue). The arrows on 
Figure 10.3-1 (b) indicate the Rayleigh cutoff of the first diffracted order for each angle 
of incidence calculated with Eq. ( 4.1.17). As can be seen in both the experiment and the 
calculation, a single-phase jump occurs when the diffracted order crosses the cutoff 
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condition with L1 ~ 180° at the cutoff. This phase jump is a full 360° (in the measurement 
and slightly less in the calculation) only at, the steepest angle examined, even though the 
theoretical model of both Fano coupling of Lorentzian resonators (Joe et al., 2006) and 
the analytical calculations ofthe Wood's anomaly by Hessel et al. (Hessel & Oliner, 1965) 
predict this to occur irrespective of the angle. We believe this to be the result of the 
difference in the particle cross-section seen by the p component of the incident field 
causing variations in the LSP excitation, which neither theoretical analysis takes into 
account. Nevertheless, this experimentally observed trend and its numerical verification 
clearly demonstrate photonic-plasmonic-coupling between the grating resonance and the 
LSP at the Rayleigh cutoff. 
Figure 10.3-1 (c) shows the transmission at normal incidence (black dashed line I 
right axis) of this same periodic array of dimers and the measured depolarization (colored 
lines I left axis) for the reflected light at the same angles as in panel (a). We have 
previously demonstrated that this parameter, which characterizes the inability of the 
ellipsometry measurement to resolve a unique polarization state, corresponds to the near-
field enhancement in the nanoplasmonic array (Walsh et al., 2011). Comparing these 
spectra to the phase data in panel (a) we see that at the Rayleigh cutoff, where L1 = 180°, 
there is a sharp peak in the depolarization spectrum indicating that diffractive coupling 
has increased the plasmon excitation, thereby enhancing the near-fields. It is worth noting 
that there is a secondary peak in the depolarization spectra at longer wavelengths 
especially for 50° (red) and 60° (green). This results from the Rayleigh cutoff of the first 
transmitted diffraction order, which can be shown by substituting the substrate refractive 
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index into the Eq. ( 4.1.17). Indeed, this spectral feature is present in the phase data in 
panels (a) and (b) as well. Notice also that all of the depolarization peaks occur when the 
grating resonance spectrally overlaps the broad transmission dip, which characterizes the 
LSP resonance of the Au particle dimer in the absence of photonic coupling. 
These data are confirmed by RCWA calculations shown in Figure 10.3-1 (d), for 
the maximum near-field enhancement calculated on the top surface of the array (colored 
line I left axis) for incident p polarization, and the transmission at normal incidence of 
unpolarized light (black dashed line I right axis). The field enhancement spectra are 
calculated for the same angles of incidence as in panel (b) and the arrows again represent 
the Rayleigh cutoff of the first reflected order. From these data, it is clear that the 
maximum near-field enhancement occurs when the cutoff condition overlaps the dimer 
LSP resonance characterized by the transmission dip. By changing the angle of incidence 
we are able to move the cutoff, selectively enhancing the field in a narrow band region by 
diffractively coupling scattered light to the LSP resonance. Also notice that, as in the 
depolarization experiment, there is a secondary peak in field enhancement when the 
cutoff of the first transmission order overlaps the LSP resonance, demonstrating that 
either cutoff produces diffractive coupling. 
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Figure 10.3- 1: (a) Measured ~ for a periodic array of dimers excited at B; = 50° (red), 
60° (green), and 70° (orange). (b) RCWA calculated ~ for the same values of B; as in (a) 
plus 40° (blue). The arrows indicate the Rayleigh cutoff from Eq. ( 4.1.17). (c) Measured 
transmission at normal incidence (black dashed line I right axis) and depolarization 
(colored lines I left axis) of the reflected light for the same angles as in panel (a). (d) 
RCWA calculated transmission of unpolarized light (black dashed line I right axis) and 
near field enhancement IEI2 (colored lines I left axis) for the same angles as in panel (b) 
and p polarization. The arrows indicate Rayleigh cutoff. 
10.4 Photonic-Plasmonic Coupling in Aperiodic Arrays 
Let us now turn our attention to aperiodic arrays, which have no well-defined grating 
coupling condition due to the nonsingular nature of their reciprocal spaces. Figure 10.4-1 
(a) shows the calculated ~ for a spiral array of dimers (Figure 1.1-1 (e)) excited at an 
angle of incidence of B; = 40° (blue), 50° (red), 60° (green), and 70° (orange). Notice that, 
as in the case of the periodic array, we see sharp phase jumps that become 360° at steep 
angles of incidence. This is surprising since there is no single Rayleigh cutoff for a non-
periodic array, and it is therefore not directly clear that such a phase transition should 
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occur. However, the most interesting effect observed in these data is that the spectral 
location of the phase jump does not move monotonically to longer wavelengths as the 
angle of incidence increases, but in fact moves in the opposite direction to shorter 
wavelengths, reminiscent of negative group velocity seen in some classes of 
metamaterials (Dardano, Gagliardi, Rendina, Cabrini, & Mocella, 201 2; Dolling, Enkrich, 
Wegener, Soukoulis, & Linden, 2006). 
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Figure 10.4- 1: Measured ~ for a spiral array of dimers (a) and a Rudin Shapiro array (c) 
excited at B; = 40° (blue), 50° (red), 60° (green), and 70° (orange) . Measured 
transmission at normal incidence (black dashed line I right axis) and depolarization 
(colored lines I left axis) of the reflected light for the same angles as in panel (a). (d) 
CDA calculated normalized transmission of unpolarized light (black dashed line I right 
axis) and near field enhancement IEI2 (colored lines I left axis) for the same angles as in 
panel (a) and p polarization. 
Comparing the phase data to the measured depolarization spectra shown in Figure 
10.4-1 (b), we see a much broader response in the spirals than we did in the periodic 
lattices; however, the peak of each spectrum still corresponds to the wavelength where 
~ ~ 180°. As previously mentioned, this peak moves to shorter wavelengths rather than 
longer as the angle of incidence increases. The significance of the coincidence of t~e 
phase jumps and the depolarization peaks implies the excitation of a single local 
structural mode in an aperiodic array coupled to the LSP resonance. 
We look now at the Rudin-Shapiro array, which possess a dense distribution of 
spatial frequencies that approximates a random system. Figure 10.4-1 (c) shows 
measured ~ spectra for (}; = 40° (blue), 50° (red), 60° (green), and 70° (orange). This 
array also demonstrates phase jumps around 180° that increase in magnitude as the 
excitation moves to steeper angles of incidence. However, there is very little spectral 
movement of these jumps compared with what was observed for both the periodic and 
spiral arrays. In fact, three of the four angles cross 180° at exactly the same wavelength 
(A.= 640 nm) with the only exception being 60°, which moves by only 15 nm, the 
smallest spectral shift observed in any array. The angular invariance of the spectral 
properties of this array are not surprising given its nearly homogeneous distribution of 
spatial frequencies; however, what is unexpected is to observe the phase jump indicating 
photonic-plasmonic coupling since we expect a continuum of structural resonances. The 
depolarization and transmission from this array (Figure 10.4-1 (d)) shows that at low 
angles of incidence, the phase jump does not indicate a peak as it did in the other arrays , 
but in fact we observe a suppression of depolarization. In this case, we see two broad 
peaks on either side of the jump. This suppression and splitting become less severe as the 
angle of incidence is increased. Eventually, at high angles the depolarization becomes a 
single stationary broad resonance. 
180 
In order to gain better insight into the meaning of the observed phase jumps in 
aperiodic array, we perform CDA calculations of the near and far-field properties of these 
structures. CDA is used because it is able to handle the large arrays of several hundred 
particles needed to accurately represent an aperiodic system. Figure 10.4-2 (a) shows the 
calculated 11. and maximum field enhancement spectra for a spiral array of 500 dimers 
consisting of 100 nm Au nano-spheres with a 40 nm gap separation excited at 60°. The 
field enhancement simulation uses s polarized light. Notice, that when the 11. crosses 180° 
at A = 598 nm, the maximum field enhancement occurs. Figure 10.4-2 (b) shows a near-
field map of the field enhancement in the plane of the array at this wavelength. Notice 
that constructive interference of the structural resonance localizes the field in arced 
regions distributed throughout the spiral. In fact, these arcs are a family of diverging arms, 
known as a parastichie (Trevino et al., 2011). Figure 10.4-2 (c) shows 11. and maximum 
field enhancement in spiral array excited at 70°. In this instance, the field enhancement is 
calculated for incident p polarization, and the maximum occurs when the 11. crosses 180° 
at A = 546 nm. Notice that, consistent with the experimental results, the structural 
resonance wavelength moves to shorter wavelengths as the angle of incidence is 
increased. Figure 10.4-2 (d) shows a near-field map at the resonance wavelength. In this 
instance, the fields are again confined to a parastichie but one belonging to a different 
family, producing a new spatial distribution of constructive interference. The spectral 
coincidence of the phase jump and the field enhancement peak provides further evidence 
of the existence of coupling between long-range structural resonances and particle LSPs. 
As made clear by the near-field maps, the experimental observation of the phase jump is 
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direct evidence of these resonances probed in the far-field. Unlike the case of the periodic 
array, the spectral location of the observed phase jump does not move monotonically to 
longer wavelength~ with an increased a:11gle of incidence due to the selective excitation of 
multiple independent structural resonances. 
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Figure 10.4- 2: (a) CDA calculated ~ (red I left axis), and maximum field enhancement 
in the plane of the array IEI2 for incident s polarization (blue I right axis) for a spiral array 
of dimers excited at (}i = 60°. (b) Calculated near-field map (log(IEI) at the resonance 
wavelength of 598 nm for s polarization and (}i = 60°. (c) Calculated ~ (red I left axis), 
and maximum field enhancement for incident p polarization (blue I right axis) excited at 
(}i = 70°. (b) Calculated near-field map at the resonance wavelength of 546 nm for p 
polarization and (}i = 70°. 
Next, we examine the near-field distribution in the Rudin-Shapiro array when a 
photonic-plasmonic resonance is excited. Figure 10.4-3 (a) shows CDA calculations of~ 
and maximum field enhancement in the plane of the Rudin-Shapiro array excited with p 
polarization at (}i = 50°. VIe find that the resonance wavelength ( ~ = 180°) is 5 54 nm, 
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which is only 16 nm from the peak of the broad field enhancement spectrum. Figure 
10.4-3 (b) shows the near-field map of the field enhancement in the plane of the array at 
the resonance wavelength. Notice that the field is more uniformly distributed throughout 
the array than it is in the case of the spiral (Figure 10.4-2 (b) and (d)). This is due to the 
high density ofthe spatial modes present in this structure. Figure 10.4-3 (c) shows CDA 
calculations of 11 and max field enhancement in the plane of the Rudin-Shapiro array 
excited with p polarization at ()i = 60°. The resonance wavelength at this angle is the 
same as for ()i = 50°, which in this instance is also the peak of the field enhancement 
spectrum. Figure 10.4-2 (d) shows the near-field map at the resonance wavelength for ()i 
= 60°. The field distribution changes from what was observed at 50°, especially in the 
regions between the particles where interference of the scattered field occurs. The 
spectral insensitivity of these data results from the high density of the spatial frequencies 
producing resonances that match the particle LSP at all excitation angles. 
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Figure 10.4- 3: (a) CDA calculated ~ (red I left axis), and maximum field enhancement 
in the _plane of the array IEI 2 for incident p polarization (blue I right axis) for a Rudin-
Shapiro array excited at (}i = 50°. (b) Calculated near-field map (log(IEI) at the resonance 
wavelength of 554 nm for p polarization and (}i = 50°. (c) Same as (a) for(}i = 60°. (d) 
Same as (b) for (}i = 60°. Again, the resonance wavelength is 554 nm. 
10.5 Conclusions 
In this chapter, we demonstrated the existence of coupled photon-plasmonic resonances 
in planar aperiodic Au nanoparticle arrays by measuring the phase and depolarization of 
reflected light for varying excitation angles. By comparison with analytical scattering 
calculations based on the CDA method, we verified the experimentally observed phase 
jumps which indicate these resonances and also found that the depolarization provides a 
qualitative measure of the near-field enhancement spectrum. Finally, by examining 
calculated near-field maps we showed that in spiral arrays constructive interference 
confines field enhancement to families of diverging arms called parastichies. Through 
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this analysis, we also proved that, by changing the illumination conditions, different 
parastichies are selectively excited altering the spatial distribution of the near-field. 
Interestingly, we observed both in the experiment and theory that the excited resonant 
modes do not shift monotonically to longer wavelength with increased angle of incidence 
as they do for periodic arrays. Rather, since the modes are independent, changing the 
angle and polarization can excite different resonances moving the wavelength of the 
phase jump either to longer or shorter wavelengths. In the Rudin-Shapiro array, we 
observed little variation in the spectral position of both the phase jumps and field 
enhancement. Our findings are supported by comparison with a reference case of a 
periodic array of dimers. Excellent agreement was found between experimental 
measurements and rigorous electromagnetic calculations based on the RCW A method for 
this reference structure. The fmdings of this work have direct implications in future 
plasmonic sensing and photonic bandgap devices using aperiodic nanostructures. 
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Chapter 11 
Multipolar Second Harmonic Generation from Aperiodic Arrays 
Reprinted (adapted) with permission from A. Capretti, G. F. Walsh, S. Minissale, J. 
Trevino, C. Forestiere, G. Miano, L. Dal Negro, Multipolar second harmonic generation 
from planar arrays of Au nanoparticles, Optics Express, Vol. 20, Issue 14, pp. 15797-
15806 (2012). Copyright 2012 Optical Society of America. 
In this chapter, using polarization-resolved measurements, we demonstrate multipolar 
second harmonic generation (SHG) from tightly spaced periodic and deterministic 
aperiodic planar arrays of Au nanocylinders. In order to investigate the respective roles of 
near-field plasmonic and long-range photonic coupling, we systematically vary the 
interparticle separations in these arrays from 60 nm to distances comparable to the pump 
wavelength. Moreover, we demonstrate that the SHG is maximized by arranging Au 
nanoparticles in aperiodic spiral arrays. The possibility of engineering multipolar SHG in 
planar arrays of metallic nanoparticles paves the way to the development of novel optical 
elements for nanophotonics, such as nonlinear optical sensors. 
11.1 Introduction 
Recently, a number of studies have examined the ongms of SHG from metal 
nanoparticles (G. Bachelier et al., 2010; J. Butet et al., 2010; Jeremy Butet et al., 2010). 
These works have shown that SHG from nanopruiicles arises from independent 
contributions from local surface and nonlocal bulk nonlinear source. For noble metals, 
the local bulk source is absent due to the material's centrosymmetry, leaving only the 
surface contribution. The local surface contribution to the SHG is due to symmetry 
breaking at the particle's interface (Agarwal & Jha, 1982; Dadap et al., 1999). The 
relative magnitudes of the non-local bulk and local surface SHG contributions depend 
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generally on the shape of the nanoparticles and the optical properties of the metal at the 
fundamental and SHG wavelengths (Guyot-Sionnest, Chen, & Shen, 1986; Guyot-
Sionnest & Shen, 1987). 
As demonstrated m chapter 6, in order to max1m1ze the SHG from planar 
plasmonic arrays, the particle shape, interparticle separations, and array geometry must 
be carefully designed for the maximum linear excitation at the fundamental wavelength. 
If designed correctly, these arrays will produce high plasmonic field enhancement on the 
surface of the nanoparticles, boosting the efficiency of SHG, which grows quadratically 
with the local field intensity. On the other hand, as discussed in the previous two chapters, 
deterministic aperiodic nanostructures (DANS) exhibit increased localization of 
photonic-plasmonic modes leading to highly enhanced fields. However, the influence of 
aperiodic order on SHG from metal nanoparticle arrays has not yet been explored. 
In this work, we investigate the role of aperiodic array geometry on the intensity 
and polarization properties of the SHG from Au nanocylinders arranged in planar 
structures of varying levels of complexity. Specifically, we explore SHG from periodic, 
Fibonacci, and golden angle (GA) spiral arrays. 
11.2 Array design and linear characterization 
We investigate SHG from periodic, Fibonacci and GA spiral arrays of Au nanocylinders 
30 nm in height with a diameter of200 nm fabricated by an electron beam lithography · 
(EBL), metal evaporation and liftoff process on a fused silica substrate. Using single 
particle T-matrix calculations, the size ofthe nanocylinders was designed to maximize 
linear scattering at the pump wavelength (i.e. , 780 nm) in the absence of interparticle 
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coupling. Each array has a circular shape with a diameter of 50 Jlm. In order to explore 
both the short-range plasmonic and long-range photonic coupling regimes we consider 
arrays with edge·-to-edge interparticle separations L ranging from 60 nm to 650 nm. For 
periodic and Fibonacci arrays, the interparticle separation is defined as the minimum 
edge-to-edge particle separation, while for the GA spirals it is defined as the average 
nearest neighbor edge-to-edge separation. Figure 11 .2-1 shows scanning electron 
micrographs (SEMs) ofrepresentative (a) periodic, (b) Fibonacci, and (c) GA spiral 
arrays with interparticle separations of 60 nm. 
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Figure 11.2- 1: SEM micrographs ofperiodic (a), Fibonacci (b) and GA spiral (c) arrays 
of 200nm-diameter cylindrical gold nanoparticles with a particle separation of 60 nm. 
Prior to the SHG experiments, we characterize the linear dark-field scattering 
spectra of theses arrays using the experimental setup described in Chapter 6. Figure 11.2-
2 shows dark-field scattering spectra for each of the three array geometries with various 
values of L. In the periodic arrays (Figure 11.2-2 (a)), notice that for values of L larger 
than the particle size (yellow, cyan, magenta and blue) the scattering resonance peak 
shifts to shorter wavelengths when L decreases due to photonic (i.e., diffractive) coupling. 
Conversely, for values of L comparable to the particle size (green and red curves), the 
quasi-static near-field interaction among closely spaced particles dominates, resulting in a 
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broad resonance towards the near-infrared. In contrast, the Fibonacci arrays (Figure 11.2-
2 (b)) exhibit a broader scattering peak around 800 nrn with no remarkable shift as the 
interparticle separation L is varied. This scattering behavior is consistent with the 
inhomogeneous spatial distribution of nanoparticle dimers in Fibonacci arrays that leads 
to a more incoherent scattering response largely insensitive to L (Gopinath et al., 2008). 
Interestingly, the scattering behavior of the GA spiral arrays (Figure 11.2-2 (c)) is more 
similar to the periodic structures than the Fibonacci. In particular, the GA spiral array 
features distinct photonic and plasmonic resonances that are tuned through diffractive 
coupling by varying L. Recalling the results of the previous chapter, we note that this is 
caused by the excitation of coupled photonic-plasmonic resonances made possible by the 
high confinement of spatial frequencies to a ring in the reciprocal space. 
In Figure 11.2-2 (d), we show the behavior of the scattered intensity at 780 nrn 
(the pump wavelength of the SHG experiments) as a function of L for different array 
geometries. In the case of periodic arrays (red squares), the highest scattering intensity 
occurs at L = 611 nrn (center-to-center separation of 811 nrn), which can be seen to 
correspond to the excitation of a photonic-plasmonic resonance at this wavelength. A 
similar trend is observed for the GA spiral arrays (blue circles). On the contrary, the 
linear scattering from Fibonacci arrays (green triangles) is almost insensitive to variations 
in L , consistent with its more incoherent nature. The increase in scattering for decreased 
separations in the Fibonacci arrays reflects an increased number of particles. 
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Figure 11.2- 2: Dark-field scatteringintensity spectra for periodic (a), Fibonacci (b) and 
GA spiral (c) arrays with different interparticle separation L: 60 nm (red), 200 nm (green), 
436 run (blue), 523 nm (magenta), 567 nm (cyan), 653 nm (yellow). (d) Dark-field 
scattering intensity at 'A= 780 nm for periodic (red squares), Fibonacci (green triangles) 
and GA Spiral (blue circles) arrays versus L. 
11.3 Multipolar SHG 
The SHG from the three array geometries is characterized by excitation at 780 nm with 
an ultrafast Ti:Sapphire laser (Mai Tai HP, Spectra Physics), with a pulse width of 100 fs 
and repetition rate of 80 MHz, which is reduced to 1 0 MHz by an electro-optic pulse 
picker (Conoptics 360-801). The excitation beam is steered with ultrafast mirrors 
(Newport) preserving its temporal width. We utilize the specular reflection configuration 
shown schematically in Figure 11.3-1 (a). The excitation is obliquely incident on the 
sample surface at an angle cp= 45° and the reflected SHG signal is collected. The be8.m is 
fo cused onto the array by an 85 mm focal length spherical lens. The time average power 
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prior to the lens is 40 m W. The signal is collected with the optical system described in 
Chapter 6. 
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Figure 11.3- 1: (a) Schematics ofthe excitation-collection configuration; (b) spectra of 
SHG signals from arrays with interparticle separation of 60 nm, for several pump power 
densities W/Wmax: 1 (red), 0.821 (green), 0.654 (blue), 0.525 (magenta), 0.402 (cyan), 
0.290 (yellow), 0.213 (black); (c) collected signals at pump wavelength (A.= 780 nm) and 
(d) SHG wavelength (A.= 390 nm) versus pump power intensity for periodic (red squares), 
Fibonacci (green triangles) and GA spiral (blue circles) arrays with interparticle 
separation of 60 nm. Scales are logarithmic. 
We measure the intensity at of both at the excitation and SHG wavelengths (i.e., 
390 nm). Figure 11.3-1 (b) shows representative SHG spectra from a periodic arrays with 
interparticle separationL = 60 nm, for various pump powers. Figure 11.3-1 (c) and 11.3.1 
(d) show the scaling of the excitation (c) and SHG (d) with pump power for periodic (red 
squares) , Fibonacci (green triangles) and GA spiral (blue circles) arrays with interparticle 
separations of 60 nm. Regression fits to these data show that the fundamental signal 
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scales linearly while the SHG scales quadratically with pump power, confirming that the 
signal is indeed SHG. 
In order to investigate the origin of SHG in aperiodic arrays of Au nanoparticles, 
we used polarization resolved measurements to determine if it is multipolar in nature. It 
was recently predicted that multipolar SHG signal is more sensitive than dipolar for 
sensing applications (Jeremy Butet et al., 2012). To determine if the SHG from these 
arrays is in fact multipolar, we use a polarizer and a half wave plate to measure the 
intensities of the two polarization components of the SHG signal as a function of the 
excitation polarization angle. As shown in the inset of Figure 11.3-1, we define the 
polarization angle of 0° and 90° as parallel and perpendicular to the scattering plane, 
respectively. Following Brevet et al. (Guillaume Bachelier, Russier-Antoine, Benichou, 
Jonin, & Brevet, 2008; Nappa et al., 2005), the experimental data are fit with Eq. (11.3 .1), 
where a, b and c are real parameters and y is the polarization angle of the excitation. 
I(y) = acos4 (r ) + bcos2 (y)sin2(y) + csin4 (r) (1 0.4.1) 
In Figure 11.3-2 (a) and (b) we show the intensities of the parallel and orthogonal 
components for the SHG signal of periodic (red) and GA spiral (blue) arrays, while 
Figure 11.3-2 (c) and (d) displays the results for the Fibonacci array. We notice from the 
figure that the polar plots of each parallel component do not exhibit the typical pattern of 
a dipolar source, which is insensitive to the angle of polarization of the pump. In fact, the 
fitting parameters do not satisfy the typical relation for the parallel component of a 
dipolar source 2a = 2c = b . Hence; higher order multipolar contributions are present in the 
SHG, due to either retardation effects or particle symmetry breaking from their non-
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spherical shape. 
On the other hand, quadrupolar SHG behavior is displayed by the plots of the 
orthogonal components for the Fibonacci array, where a,c « b . In fact, for a pure 
quadrupolar source a = c = 0 is expected. To the best of our knowledge, this is the first 
time that a clear quadrupolar radiation pattern has been directly measured in the SHG 
signal from planar arrays of metal nanoparticles. The polar plot in Figure 11.3-2 (d) is 
similar to the behavior of the orthogonal component of the SHG measured in systems of 
non-interacting spherical nanoparticles (Dadap et al., 1999). On the contrary, the 
photonic interactions among nanoparticles radically modify the SHG from periodic and 
GA spiral arrays. For these array geometries, the polarization patterns of the orthogonal 
components (Figure 11.3-2 (b)) are different from a pure quadrupole, and high order 
multipolar SHG emission is observed (Guillaume Bachelier et al., 2008; J. Butet et al., 
2010). In fact, Eq. (11.3.1) does not fit the experimental data for any value of the 
parameters, and a modified version must be introduced (Guillaume Bachelier et al., 2008; 
Nappa et al. , 2005): 
I(y) = acos\y) +bcos2 (y)sin2 (y) +csin4 (y) +d cos3 (y)sin(y)+ecos(y)sin\y). (1 0.4.2) 
The peculiar SHG polarization dependence of the Fibonacci with respect to 
periodic and GA spiral arrays is analogous to the different scattering properties at the 
fundamental frequency discussed in Section 11.2. This may indic~te that scattering 
between nanoparticles in Fibonacci arrays is more incoherent both at the fundamental and 
the harmonic wavelengths. 
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Figure 11.3- 2: Intensity of the radiated SHG parallel (a) and orthogonal (b) components 
for periodic (red) and spiral (blue) arrays; intensity of the radiated SHG parallel (c) and 
orthogonal (d) components for the Fibonacci array (green). Experimental data is with 
scattered symbols, least-squares fit is with continuous lines. The intensities in the plots of 
panel (a) have been reduced by the factor 11/4 for the sake of clarity. 
11.4 The role of particle separation 
In order to determine what role array space plays in the nonlinear behavior from 
aperiodic Au nanostluctures, we evaluated the SHG for various values of L. Figure 11.4-1 
shows the SHG intensity as a function of L for each of the arrays. A clear dependence of 
the SHG signal on the interparticle distance L is observed, with the largest L producing 
the weakest SHG response in all anay geometries. Moreover, we notice that GA spirals 
produce the strongest SHG for all the investigated separations. On the other hand, the 
Fibonacci arrays produce the lowest SHG. This can be attributed to the lower particle 
filling fraction of Fibonacci arrays. The variation in the particle filling fraction of all the 
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arrays as a function of the interparticle separation is shown in the inset of Figure 11.4-1. 
Furthermore, we notice that the superior performance of GA spirals over periodic arrays 
cannot simply be explained by the difference in particle filling fractions, as these are 
comparable across the investigated range. Therefore, we attribute the enhanced SHG to 
the asymmetric spatial near-field distribution in GA spiral arrays arising from their 
complex geometry. 
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Figure 11.4 - 1: Intensity of the collected SHG signal as a function of the interparticle 
separation L, for periodic (red squares), Fibonacci (green triangles) and GA Spiral (blue 
circles) arrays; (a inset) Filling fraction of gold for periodic (red squares), Fibonacci 
(green triangles) and GA Spiral (blue circles) arrays. 
In order to better understand the role of the asymmetry of the spatial distributions 
of the near-field at the excitation wavelength, we perform an analytical evaluation using 
the generalized Mie theory (GMT). Figure 11.4-2 shows the calculated near-field patterns 
at 780 nm calculated in the plane of the arrays for a periodic (a) and (c) and GA spiral (b) 
and (d) arrays for L = 60 nm (a) and (b), and L =611 nm (c) and (d) with D = 200 nm. 
These two separations were chosen because they are characteristic of near-field 
plasmonic and long-range photonic coupling. Notice that the field distribution of the 
periodic array is highly regular around the nanoparticles with no variation from one 
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lattice site to the next. The GA spiral arrays, on the other hand, produce an asymmetric 
near-field distribution that results from the aperiodic order. This asymmetry of the pump 
fields in the GA spirals prevents destructive interference effects in the SHG for all 
interparticle separations, resulting in a stronger SHG signal, as we experimentally 
demonstrated over a large range of particle separations. 
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Figure 11.4- 2: Near-field distribution at the pump frequency over periodic (a) and GA 
spiral (b) arrays with interparticle separation L = 60 nm. Near-field distribution at the 
fundamental frequency over periodic (c) and GA spiral (d) arrays with interparticle 
separation L = 611 nm. All the near-field maps are plotted in logscale. 
11.5 Conclusion 
In this chapter, we investigated the role of the aperiodic array geometry on the SHG from 
Au nanoparticles. By comparing periodic arrays with aperiodic Fibonacci and GA spiral 
arrays, we demonstrated quadrupolar SHG that is tunable by the array geometry. 
Moreover, we demonstrated that GA spiral arrays more efficiently produce SHG 
compared with periodic and Fibonacci arrays. We explain this behavior by the 
asymmetric near-field distribution of aperiodic GA spiral at the pump wavelength. These 
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results are impmiant for the development of novel optical elements for nonlinear 
nanophotonics applications, such as switchers, frequency converters and nonlinem optical 
sensors on a planar chip. 
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Chapter 12 
Enhanced Vibrational Sum Frequency Generation Spectroscopy 
In this chapter, we demonstrate the technological potential of" the engineei"ed plasn10nic 
structures that are the subject of this thesis by integrating them with vibrational sum 
frequency generation spectroscopy, a second order nonlinear optical sensing technique. 
12.1 Introduction to VSFG Spectroscopy 
Vibrational sum frequency generation (VSFG) spectroscopy is a second order nonlinear 
optical technique that is inherently surface/interface specific due to its selection rule, 
which in the electric dipole approximation allows for signal generation only where there 
is a break in centrosymmetry. For this reason, functional groups in bulk materials 
generally do not generate VSFG signal (Z. Chen, 2010; Shen, 1984; Superfine, Huang, & 
Shen, 1990). In the electric dipole approximation, the VSFG signal intensity is 
proportional to the square of the second-order nonlinear susceptibility, xc2\ of a material. 
The second-order nonlinear susceptibility is comprised of nonresonant and resonant 
contributions: xC2) = x122 + X~2). The VSFG signal intensity can therefore be described 
by 
I (2) (2) 12 lvsFG ex: XNR + XR = (13 .1.1) 
where w1R is the frequency of the incident IR beam and Aq is the IR transition 
moment/oscillator strength, Mq is the Raman transition moment, wq is the resonant IR 
frequency, and Tq is the line width of th~ l' vibrational mode. Consequently, VSFG 
vibrational modes are only active if they are both IR and Raman active, and the VSFG 
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signal intensity is maximized when the IR beam frequency and q1h vibrational modes are 
in resonance. The complex nature of x~2)irnparts phase sensitivity to VSFG spectroscopy, 
giving rise to both constructive and destructive interference in VSFG spectra. 
The generation of VSFG signal is accomplished via the spatial overlap of the 
visible (VIS) and IR beams, and the temporal overlap of the IR pulse induced vibrational 
free induction decay and the VIS up-conversion pulse. A full description of the 
broadband VSFG (BB-VSFG) spectrometer used in this study can be found below. 
Briefly, a Coherent, Inc. laser system is used to generate tunable broadband mid-IR laser 
pulses with ~175 cm-1 bandwidth and VIS pulses that are spectrally nanowed to 6.4 cm-1 
bandwidth by an external etalon (TecOptics), as first described by Lagutchev et al. ( a. 
Lagutchev, Hambir, & Dlott, 2007; A. Lagutchev, Lozano, Mukherjee, Hambir, & Dlott, 
2010). As shown in Figure 12.1-1, the non-collinear VIS and IR pulses are focused onto 
and spatially overlapped at the sample interface using the nearly total internal reflection 
geometry. Typically, the sample is enclosed in a controlled environment sample cell 
chamber, allowing for controlled exposure of the sample to various atmospheres such as 
dry nitrogen. All experiments were performed at room temperature. BB-VSFG spectra 
are collected by a liquid nitrogen cooled CCD array (Symphony, Horiba Jobin-Yvon) 
mounted to a 320 mm monochromator (iHR320, Horiba Jobin-Yvon). In order to 
generate a VSFG spectrum covering a spectral region broader than the 175 cm-1 
bandwidth of the IR pulse train, multiple VSFG spectra were collected with 
systematically varied IR center wavelengths and combined following the procedures of 
Walker et al (Esenturk & Walker, 2006; Kellar et al. , 2009). VSFG spectra were collected 
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using the !ssP (VSFG, VIS, and IR beam polarizations relative to the film interface, 
respectively) polarization condition. This polarization combination detects the VSFG 
signal ge1v~rated by vibrational mode tnmsition dipoles out-of-plane relative to the film 
surface. In addition to normal traditional VSFG spectra, VSFG spectra with non-resonant 
signal suppression (NRSS) were collected. By suppressing the often undesirable non-
resonant contribution to the VSFG signal, we isolate narrow . resonant lineshapes · that 
contribute to the VSFG spectra (Curtis, Asplund, & Patterson, 2011; a. Lagutchev et al., 
2007; A. Lagutchev et al., 2010), aiding in mode assignments/fitting routines and 
qualitative comparison of spectra collected using different polarization configurations. 
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Figure 12.1 - 1: Diagram of controlled environment sample cell and experimental 
geometry used for VSFG studies. 
12.2 Nanoparticle Arrays 
The VIS beam in the VSFG experiment is 802.5 nm. Our objective is to design arrays 
that resonate with this wavelength in order to boost the efficiency of the nonlinear sum 
frequency process. To that end, we fabricated periodic anays of Au nano-cylinder 
monomers and dimers on fused silica substrates with the EBL process described in 
Section 5.1.7. The diameter of the particles was varied from D = 100 nm to 300 nm. The 
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inter-particle or inter-dimer separation was held constant at 150 nm to maintain consistent 
near-field coupling and the dimer gap was 40 nm. Figure 12.2-1 shows SEMs of 
representative arrays of monomers and diniers. The particle sizes are namEd in the 
caption. The arrays are circular with a diameter of 250 ~-tm, which matches the spot size 
in the VSFG experiment. 
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Figure 12.2- 1: SEMs ofEBL fabricated arrays of monomers (a-c) and dimers (d-f) on a 
fused silica substrate. Particle diameters are D = 100 nm (a,d), 150 nm (b,e), and 200 nm 
(c,f). The edge-to-edge inter-particle separation is 150 nm and the dimer gap is 40 nm. 
The linear optical characteristics of these arrays were measured with the 
transmission experimental setup described is Section 6.3. These data are shown in Figure 
12.2-2 as the extinction·that we defme as ext= 1 '-- T where T is the transmission. Figure 
12.2-2 (a) show the extinction spectra for arrays of monomers and (b) shows the same for 
the dimers anays. The diameters of the particles are named in the caption. From these 
data we see that the LSP resonance of these anays is broad and encompasses our target 
wavelength. As discussed in the Section 5.1.5, the broad linewidth of these spectra is due 
to near-field coupling, which increases the LSP decay rate . 
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Figure 12.2 - 2: Extinction spectra for arrays of monomers (a) and dimers (b). The 
diameters of the particles are D = 100 nm (red), 150 nm (green), 200 nm (blue), 250 nm 
(magenta), and 300 nm (cyan). 
12.3 VSFG Experiment 
The VSFG experiment was performed by Boise Technology, Inc. In this section we give 
a description of their experimental setup and data collection methods. 
12.3.1 Laser System and VSFG Spectrometer Overview 
A commercially available one-box regeneratively amplified Ti:Sapphire laser system 
(Coherent, Libra-F-lK-HE-110) and optical parametric amplifier (OPA) (Light 
Conversion/Coherent, OPerA Solo) with an integrated non-collinear difference frequency 
generation module (NDFG) are utilized in our VSFG spectrometer. The output of the 
Libra is a 1 kHz pulse train of sub-100 fs, 3.3 mJ pulses centered at ~802.5 nm. The 
output is split by a 60:40 beamsplitter inside the OPA so that ~2.0 W enters the stages of 
the OP A and~ 1.3 W is ejected from the OPA and frequency-narrowed to ~6.4 cm-1 by an 
external etalon (TecOptics) and used as the visible (VIS) laser beam in our VSFG studies. 
The etalon-narrowed VIS pulses have pulse energy of ~40 11J with shot-to-shot-stability 
of ~0.25%. The spectral profile of the etalon-narrowed VIS pulse is nearly Lorentzian 
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and the temporal profile is time asymmetric, with a steep ~ 1 00 fs rising edge and a slow 
~ 1 ps exponential decay. Tunable broadband infrared laser pulses (2.6- 20 fllll, ~ 175 crn-
1 FWHM, ~25 fll in the C-H stretching region under peak operating conditions with shot-
to-shot stability of ~ 1.5%) are generated by the computer-controlled OPA Solo and 
NDFG module. Wavelength tuning is fully automated, and tuning curves are optimized 
such that pointing of the IR beam does not deviate with wavelength. 
Traditional VSFG spectra are generated from the spatial and temporal overlap at 
the sample surface of the tunable broadband IR laser beam and the fixed wavelength, 
narrow bandwidth VIS laser beam. VSFG spectra with nomesonant signal suppression 
(NRSS) were generated by delaying the arrival of the VIS pulse with respect to the IR 
pulse, overlapping the VIS pulse with the vibrational free induction decay (FID) 
generated by the IR pulse after the nomesonant contribution to the FID has vanished. 
Relative timing of the VIS and IR beams is controlled by translation of a corner cube 
(PLX, HM-20-2E) driven by a 0.1 fllll stepper motor (Newport TRA12PPM). 
Polarization of the VIS beam is controlled by an achromatic zero order "A./2 waveplate and 
polarizing bearnsplitter cube. Polarization of the IR beam is chosen by sending the IR 
beam down one of two pathways; one with a polarization preserving periscope, and one 
with a 90° polarization rotation periscope. VIS and IR beams are focused at angles of 56° 
and 66° relative to surface normal, respectively, onto the sample by a 30° off-axis 
parabolic reflector (Janos Technology, A8037-362). 
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Figure 12.3- 1: Block diagram of the laser system and VSFG spectrometer. 
The resulting reflected VSFG beam generated at the LPEI!vapor interface is 
collected by an identical off-axis parabolic reflector and directed to a Horiba Jobin-Yvon 
iHR320 monochromator outfitted with an 1800 lines/mm grating blazed for 450 - 850 
nm. The dispersed VSFG beam is detected by a back-illuminated deep-depletion CCD 
array (Horiba Jobin-Yvon, Symphony). Preceding the entrance to the monochromator, a 
785 nm ultrasteep short--pass edge filter (Sermock, SPO 1-785RS-25) is used to· filter 
unwanted stray light. A mirror mounted at 45° angle of incidence to the VIS and VSFG 
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beams is used to select which of the two beams is incident on the monochromator. A 
waveplate and polarizer are utilized, if necessary, to ensure VSFG signal is p-polarized 
with respect to the diffraction grating in the monochromator. Figure 12.3-1 shows a 
simplified block diagram of the laser system and VSFG spectrometer. 
12.3.2 Data Collection Parameters 
All spectra were collected from the back surface of the substrate such that the beams 
traversed through the optical substrate arid reflected off of the back surface of the 
substrate where the nanoarrays were deposited. The sample was exposed to a saturated 
methanol environment by partially filling a small glass cup below the sample with liquid 
methanol. The VIS pulse energy was reduced to 5 f.lJ in an attempt to minimize damage 
to the arrays. IR pulse energy was ~25 f.ll All spectra were 60-second integrations, and 
VSFG spectra were generated at 3300 nm, 3400 nm, and 3500 nm. The plots displayed 
are sums of these three individual spectra, as described in the "Acquisition of VSFG 
Spectra" section, but they are not normalized in any other way. Data integration times 
were an average of two 30-second scans over the same wavelength region as above. 
12.3.3 Sample Geometry, Controlled Environment Sample Cell 
Figure 12.3-2 shows the excitation geometry of the experiment. The signal is generated 
from the back surface of a 1.6 mm thick fused silica (FS) substrate. The angles of 
incidence for the VIS and IR beams result in a near total internal reflection geometry, 
chosen to maximize generation of the VSFG signal from the sample surface while 
minimizing undesirable VSFG signals from the top air/FS surface and substrate/sample 
interface via optimization of the relevant Fresnel factors . Spot sizes of the VIS and IR 
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beams at the sample are ~250 flm and ~300 flm, respectively. Generally, VSFG 
spectrometers intentionally make the VIS spot size larger than the IR spot size at the 
sample plane in order to minimize signal fluctuations due to IR bemn pointing 
instabilities, spatial chirp, and variations in spot size for different wavelengths. We have 
found that meticulous alignment and tuning curve generation for the OP A makes pointing 
instabilities negligible, and the signal gained by having a smaller VIS spot size outweighs 
a small decrease in the effective bandwidth of the spectrometer . (~160 cm-1 effective 
bandwidth, ~ 175 cm-1 IR beam bandwidth) due to spatial chirp. Throughout the C-H 
stretching region examined in the experiments performed, the IR spot size stays nearly 
constant. 
Bulk Polymer 
(Not VSFG Active) 
......._ ~ Substrate-Sample 
Sample-Environment _..L_:__:_ ___ _:~~~-_!!!!!~~J Interface 
Interface Controlled Environment 
Figure 12.3 - 2: Diagram of the back-surf~ce sample geometry used for VSFG analysis of 
samples in a controlled environment. Drawing is not to scale. 
The controlled environment sample cell is a replaceable custom glass cell 
... 
(Technical Glass, Boise) secured in place by UHWM polyethylene housing. The 
substrate is held in place by a separate opto-mechanic. A perfluorinated o-ring (Parker, 
FF354-65) around the outside of the top of the glass cell insert assists in creating an air-
tight seal between the sample and controlled environment cell. A custom tip-tilt stage 
(Graham Optical) allows leveling of the sample, and the entire apparatus is mounted on 
top of a computer-controlled 3-axis translation stage (Newport, 562-XYZ stage, 
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TRA12PPM actuators) for optimizing the position of the sample surface with respect to 
the IRNIS spatial beam overlap. 
12.3.4 Calibration and VSFG Signal Optimization 
The iHR320 monochromator is calibrated following every grating rotation by an Oriel 
6033 Xenon pencil lamp. The center wavelength of the etalon-narrowed VIS beam is 
measured daily for accurate conversion ofVSFG wavelength to IR frequency. 
VSFG signal is optimized by setting an uncoated Au mirror in place of the 
FS/BaF2 substrate. Nonresonant VSFG signal generation off of the Au mirror is 
maximized by adjusting the controlled environment sample cell complex in the vertical 
direction for spatial overlap, and the relative VIS beam arrival is adjusted for temporal 
overlap. The arrival of the IR beam at the sample interface is wavelength dependent due 
to delay lines in the OPA and travel through dispersive media. The fast rising edge of the 
etalon-narrowed VIS pulse temporal profile is sensitive to changes in arrival time of less 
than 20 fs , necessitating determination of a zero-time for each IR center wavelength to be 
utilized. We determined the minimum delay for NRSS VSFG experiments by delaying 
the VIS pulse until the nonresonant Au mirror signal decreased by greater than 99.5%. 
All experiments with NRSS had the VIS pulse delayed by 400 fs with respect to the zero 
time for each IR center wavelength. 
12.3.5 Acquisition of VSFG Spectra 
A single broadband VSFG spectrum of ~160 cm-1 bandwidth does not cover an entire 
spectral region at one center wavelength, and it does not have a square wave spectral 
profile. By stepping the IR center frequency over a spectral region of interest such that 
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the sum of the reference spectra becomes nearly constant over that region, the sum VSFG 
spectra become an accurate representation of the total VSFG spectrum. For example, to 
cover the entire C-H stretching region we may take a series of six overlapping VSFG 
spectra with center frequencies evenly spaced from ~2650 cm-1 to 3050 cm-1• Following 
each series of scans on a sample, a dark reference spectrum is acquired by blocking the 
IR beam and collecting the resulting spectrum (with identical data collection parameters 
to the spectra it is a reference for). The dark spectrum accounts for any data offset 
generated by detector dark counts and accounts for stray photons from instrumentation 
LEDs and other stray photon sources. The dark spectrum is smoothed before subtraction 
from VSFG spectra so as not to amplify any noise in the dark reference spectrum. The 
dark reference spectrum is subtracted from each individual spectrum in the series, which 
are next added together. 
12.4 Results and Discussion 
Figure 12.4-1 shows the VSFG signal from of saturated methanol vapor on a silica 
surface (red) and from an array of 100 nm Au particles (blue) without NRSS (a) and with 
NRSS (b). Both the situations with and without NRSS should return the same information 
following proper analysis and deconvolution of the non-resonant and resonant SFG signal. 
The results of these experiments indicate that the devices amplify the VSFG signal of 
methanol adsorbed to the device surface. The spectra in the figure (1 00 nm diameter 
particles) show the largest enhancement of any of the measured arrays indicating the 
maximum excitation of the LSP resonance. 
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Figure 12.4 -1: VSFG spectrum of saturated methanol vapor on a silica surface (red) and 
from an array of 100 nm Au particles (blue) without NRSS (a) and with NRSS (b). 
The signal generated off of the bare Au arrays was found to be roughly the same 
as observed off an Au mirror at the largest, and about a factor of 4-5 smaller at the lowest, 
with rough correlation to the percent area filled. The total signal levels generated on the 
100 nm arrays were higher than the bare Au signal (~3x larger on one spot). Work is 
continuing on this project; however, these preliminary results on non-optimized arrays 
demonstrate the potential of plasmonic nanostructures to boost the sensitivity of the 
VSFG nonlinear sensing techniques. 
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Chapter 13 
Conclusions and Future Prospects 
13.1 Summary of Results 
In this thesis I have demonstrated design principles and techniques for engineering the 
linear and nonlinear optical properties of planar metal nanoparticle arrays. Specifically, I 
have shown that the spectrallineshape and near-field properties of periodic nanoparticle 
arrays can be engineered and controlled by simultaneously designing particle size, 
separation, and excitation conditions. Through spectroscopic ellipsometry I demonstrated 
strong depolarization of specular reflection from periodic arrays of plasmonic 
nanoparticle dimers resulting from Fano-type coupling between grating modes and LSP 
resonances at the Rayleigh cutoff condition. I further demonstrated using second 
harmonic excitation (SH-E) spectroscopy that these coupled photonic-plasmonic 
resonances dramatically enhance the electromagnetic near-fields. The design principle 
used to engineer enhanced nonlinear generation in these systems may be applied to a 
number of nonlinear device applications on planar substrates. 
Building on these results, I introduce two new classes of multi-frequency 
structures that add new dimensions of spatial, spectral, and polarization control over 
plasmonic near-field enhancement. In chirped arrays the lattice spacing is gradually 
varied over the length of the structure resulting in spectral-spatial separation of field 
enhancement. Using numerical calculations based on the finite difference time domain 
(FDTD) method I demonstrate that local cutoffs of a continuum of diffraction orders 
produce a wavelength dependent spatial separation of the field enhancement within the 
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arrays. These chirped structures also demonstrate an increased bandwidth over 
comparable periodic arrays in both the linear and nonlinear regime. Moreover, I have 
discovered that there is a fundamental tradeoff between field enhancement bandwidth and 
area coverage of electromagnetic hot-spots in these structures. In the second class of 
multi-frequency structures, two orthogonal periodic chains couple light to a single 
particle cluster at their center. By independently designing the particle sizes and 
separations in the two arms, I was able to create a structure where the resonance 
wavelength switches with the incident polarization. 
I also investigated the effects of nanoparticle size and near-field coupling on the 
linear and nonlinear photoluminescence properties of Au. It was demonstrated that the 
decay of photo-excited electron-hole pairs into .LSP resonances dramatically modifies the 
Au emission wavelength, lineshape, and quantum efficiency depending both on particle 
size and separation. Through a systematic investigation of the modifications in non-
radiative plasmon decay rate and PL efficiency as a function of interparticle separation, I 
showed that the emission spectrum of Au nanostructures can be tuned and controlled by 
selecting particle separations that avoid near-field coupling effects. The efficiency two-
photon PL (TPPL) was found to depend strongly on the nanoparticle size. I conclude 
that,for a particular particle size and excitation wavelength, the LSP produces the 
maximum linear near-field enhancement increasing the efficiency of two photon 
absorption (TP A) in Au. 
Expanding the design space further, I investigated the field enhancement 
properties of two classes of aperiodic structures, namely deterministic aperiodic and 
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stochastically optimized arrays. Using semi-analytical calculations based on the coupled 
dipole approximation (CDA) I demonstrated a design measure, the spectral flatness -
filling fraction (SF- FF) product, that describes structural order and correlates with 
near-field enhancement. This result demonstrates the importance of the unique 
combination of structural disorder and high particle filling fraction for engineering 
electromagnetic field enhancement in plasmonic arrays. 
Experimentally, I showed the existence of Fano-type coupled photon-plasmonic 
resonances in planar aperiodic plasmonic nanostrucutres using spectroscopic ellipsometry 
to measure the phase and depolarization of reflected light for varying excitation angles. 
Similar to a periodic array of dimers there is a 360° phase jump which indicates coupling 
between structural resonances and plasmon modes in both golden angle spiral and Rudin-
Shapiro arrays. Furthermore, unlike the case of periodic structures, these resonances do 
not shift monotonically to longer wavelengths for increased excitation angles. Rather, 
since the modes are independent, changing the angle and polarization can excite different 
resonances simultaneously. Additionally, we demonstrate that planar plasmonic aperiodic 
arrays produce multipolar second harmonic generation (SHG). 
Finally, through collaboration with Boise Technologies, Inc. we demonstrate the 
technological applicability of these structures by combining our designed metal 
nanoparticle arrays with vibrational sum frequency generation (VSFG) spectroscopy. We 
show that the Au nanoparticle arrays excited at resonance enhance the VSFG signal of a 
saturated methanol vapor over that of a fused silica surface. 
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13.2 Future Prospects 
This research presented in this thesis has revealed a number of results and principles that 
may be applied to future linear and nonlinear nano-optical devices and applications. I 
have focused on systematically understanding the simultaneous action of multiple effects 
arising in coupled plasmonic arrays for the engineering their linear and nonlinear optical 
responses. This coupling takes place over two primary interaction lengths. Near-field 
coupling occurs when the strongly enhanced evanescent fields from adjacent particles 
overlap, altering their collective polarization. This produces coupled modes and 
significant field enhancement but also accelerates the nonradiative plasmon decay rate. 
Diffractive coupling occurs on length scales comparable to the wavelength. When the 
interparticle separation and excitation conditions are designed correctly, constructive 
interference of the scattered field produces an additional excitation of the LSP resonance. 
These coupled photonic-plasmonic resonances demonstrate an extremely dispersive 
asymmetric Fano-type lineshape and produce a dramatic near-field enhancement that 
boosts the nonlinear properties of the structure. Local regions of constructive interference 
can be designed producing spatial-spectral separation of field enhancement and nano-
scale nonlinear generation. 
Device applications suggested by this research include ultra-sensitive chemical or 
bio sensors utilizing the highly dispersive asymmetric depolarization lineshapes resulting 
from Fano-type coupling in periodic arrays of dimers; robust plasmon sensors based on 
direct transduction of LSPs to far-field radiation, which does not rely on dark-field 
scattering microscopes; designed VSFG and SERS spectroscopy substrates; and all 
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optical plasmonic switches for on-chip data processing devices . Additionally, the optical 
characterization techniques developed here may be used for such applications as the 
spectroscopic evaluation of photonic crystal bandgaps (Hung, Lee, & Coldren, 20 1 0) and 
novel metamaterials (Dardano et al. , 2012; Marinica, Borisov, & Shabanov, 2008), as 
well as for evaluating the near-field properties ofnano-photonic and plasmonic devices. 
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Appendix A: Fano-Type Lineshape Fitting Parameters 
The experimental transmission data for arrays of monomers shown in Figure 6.3-2 for D 
= 150 nm (a), 175 nm (b), and 200 nm (c) and dimers with D= 150 nm and a dirner gap 
of 40 nm shown in Figure 6.5-1 (c) with grating constants ranging from 400 to 700 nm 
were fit to the Farro lineshape (Eq. (6.3.1) in main text). More specifically, the extinction 
ext=1-T where Tis the transmission was fit to Eq. (6.3.1) using a least mean squared 
fitting algorithm. These fits are shown in black on their respective plots and the fitting 
parameters and the residual squared (R2) of the fits are shown Tables A- 1-4. Table A-1 
shows the parameters for the monomer arrays with D = 150 nm, Table A-2 for D = 175 
nm, Table A-3D= 150 nm, and Table A-4 for the dimer arrays. 
Table A- 1: Farro fitting parameters of 1-T for an array with D = 150 nm and various A 
A 400nm 500nm 600nm 
F 4.454±0.1576 3.099±0.162 2.683±0.002 
roo (eV) 1.6770 ± 0.0030 1.5640 ± 0.0056 1.5200 ± 0.0069 
y (eV) 0.1993 ± 0.0024 0.1794±0.0051 0.2518±0.0060 
A 0.02501±0.0017 0.02077 ± 0.0019 0.02567 ± 0.0020 
RL 0.9853 0.9221 0.9420 
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Table A- 2: Farro fitting parameters of 1-T for an anay with D = 175 nm and various A 
A 400nm 500nm 600nm 
F 2.715 ± 0.1154 2.685 ± 0.0881 1.989 ± 0.0654 
co,(eV) 1.6020 ± 0.0056 1.466 ± 0.0034 1.375 ± 0.004 
y (eV) 0.2284 ± 0.0053 0.1538±0.0038 0.1709 ± 0.0057 
A 0.06137 ± 0.0045 0.05281 ± 0.0030 0.05731 ± 0.0029 
R2 0.9498 0 .9504 0.9289 
Table A- 3: Fano fitting parameters of 1-T for an anay with D = 200 nm and various A 
A 400nm 500nm 600nm 
F 2.001 ± 0.0749 2.674 ± 0.074 2.0580 ± 0.0883 
co,(eV) 1.587 ± 0.0056 1.422 ± 0.0026 1.329 ± 0.0046 
y (eV) 0.2151 ± 0.0056 0.1475±0.0035 0.1613 ± 0.0086 
A 0.09619 ± 0.0055 0.05509 ± 0.0027 0.06152 ± 0.0043 
R2 0.9450 0.9656 0.8976 
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Table A - 4: Fano fitting parameters of 1-T for an array of dimers with D = 150 run and 
various A 
A 400nm 500nm 600nm 
F 2.854±0.1583 1.7820±0.0368 2.854±0.1583 
coo 1.7440±0.0089 1.4680 ± 0.0035 1.470±0.011 
y 0.3029 ± 0.0057 0.2451±0.0039 0.2843±0.0109 
A 0.06071 ± 0.0058 0.0977 ± 0.0029 0.03771 ± 0.0044 
R",: 0.9595 0.9786 0.8802 
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